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Abstract
This thesis presents an investigation of the growth of GaAs nanowires (NWs) and
(In,Ga)As shells by molecular beam epitaxy (MBE) with a second focus on the op-
tical properties of these core-shell structures. The selective-area growth of GaAs
NWs on Si substrates covered by an oxide mask is investigated, revealing the cru-
cial impact of the surface preparation on the vertical yield of NW arrays. Based on
these results, a two-step growth approach is presented that enables the growth of
thin and untapered NWs while maintaining the high vertical yield. For a detailed
quantitative description of the NW shape evolution, a growth model is derived that
comprehensively describes the NW shape resulting from changes of the droplet size
during elongation and direct vapour-solid growth on the NW sidewalls. This growth
model is used to predict the NW shape over a large parameter space to find suitable
conditions for the realization of desired NW shapes and dimensions. Using these
GaAs NW arrays as templates, the optimum parameters for the growth of (In,Ga)As
shells are investigated and we show that the locations of the sources in the MBE
system crucially affect the material quality. Here, the three-dimensional structure
of the NWs in combination with the substrate rotation and the directionality of ma-
terial fluxes in MBE results in different flux sequences on the NW sidefacets that
determine the growth dynamics and hence, the point defect density. For GaAs NWs
with optimum (In,Ga)As shell and outer GaAs shell, we demonstrate that thermionic
emission with successive nonradiative recombination at the surface leads to a strong
thermal quenching of the luminescence intensity, which is succesfully suppressed by
the addition of an AlAs barrier shell to the outer shell structure. Finally, a process is
presented that enables the ex-situ annealing of NWs at high temperatures resulting
in the reduction of alloy inhomogeneities in the (In,Ga)As shell quantum wells and
small emission linewidths.
Keywords: GaAs, nanowire, molecular beam epitaxy, selective-area growth, radial
growth, core-shell, (In,Ga)As shell, photoluminescence, carrier dynamics, ex-situ an-
nealing
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Zusammenfassung
Diese Arbeit präsentiert Untersuchungen zum Wachstum von GaAs Nanodrähten
(NWs) und (In,Ga)As Hüllenmittels Molekularstrahlepitaxie (MBE) mit sekundärem
Fokus auf den optischen Eigenschaften solcher Kern-Hülle Strukturen. Das ortsselek-
tiveWachstum von GaAsNWs auf mit Oxidmasken beschichteten Si Substraten wird
untersucht, wobei der entscheidende Einfluss der Oberflächenpreparation auf die
vertikale Ausbeute von NW Feldern aufgedeckt wird. Basierend auf diesen Ergeb-
nissen wird ein zweistufiger Wachstumprozess präsentiert der es ermöglicht NWs
mit dünner und gerade Morphologie zu erhalten ohne die vertikale Ausbeute zu
verringern. Für die detaillierte Beschreibung der NW Form wird ein Wachstumsmo-
dell entwickelt, das die Einflüsse der Veränderung der Tropfen Größe während des
Wachstums sowie direktes des Wachstums auf den NW Seitenwänden umfassend
beschreibt. Dieses Wachstumsmodell wird benutzt für die Vorhersage der NW Form
über einen großen Parameterraum um geeignete Bedingungen für die Realisierung
von erwünschten NW Formen und Dimensionen zu finden. Ausgehend von diesen
NW Feldern werden die optimalen Parameter für das Wachstum von (In,Ga)As Hül-
len untersucht und wir zeigen, dass die Anordnung der Materialquellen im MBE
System die Materialqualität entscheidend beeinflusst. Die dreidimensionale Struktur
der NWs in Kombination mit der Substratrotation und der Richtungsabhängigkeit
der Materialflüsse in MBE resultieren in unterschiedlichen Flusssequenzen auf der
NW Seitenfacette welche die Wachstumsdynamik und infolgedessen die Punktde-
fektdichte bestimmen. An Proben mit optimaler (In,Ga)As Hülle und äußerer GaAs
Hülle zeigen wir, dass thermionische Emission mit anschließender nichtstrahlender
Rekombination auf der Oberfläche zu einem starken thermischen Verlöschen der Lu-
mineszenz Intensität führt, welches durch das Hinzufügen einer AlAs Barrierenhül-
le zur äußeren Hüllenstruktur erfolgreich unterdrückt werden kann. Abschließend
wird ein Prozess präsentiert der das ex-situ Tempern von NWs bei hohen Tempe-
raturen ermöglicht, was in der Reduzierung von Inhomogenitäten in den (In,Ga)As
Hüllenquantentöpfen führt und in beispiellosen optischen Eigenschaften resultiert.
Stichwörter: GaAs,Molekularstrahlepitaxie, ortsselektivesWachstum, radialesWachs-
tum, Kern-Hülle Struktur, (In,Ga)As Hülle, Photolumineszenz, Ladungsträgerdyna-
mik, ex-situ Tempern
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1 Introduction
Today’s western societies are characterized by rapid transformations due to the digital-
ization. Now, everybody can access enormous amounts of information and process it
with mobile electronics that offer huge computing power and quick data transfer. The
rapid development of consumer electronics is to a large part based on progress in solid-
state electronics using semiconductor materials which started their breakthrough with
the invention of the transistor by Bardeen, Brattain, and Shockley about 70 years ago.
Most consumer electronics of today rely on the highly developed Si technology which
has been driven by engineering efforts over many decades. Despite its predominance in
logic circuits, Si has fundamental disadvantages for high performance electronics, such
as its relatively low carrier mobility and indirect band-gap, inhibiting efficient light emis-
sion. In contrast, the archetypical compound semiconductor gallium arsenide (GaAs)
exhibits higher carrier mobilities and efficient light emission in the near infrared due
to its direct band-gap. Furthermore, it forms a versatile material system with its alloys
(Al,Ga)As and (In,Ga)As, enabling the realization of functional heterostructures. There-
fore, many specialized devices rely on GaAs heterostructures, such as infrared lasers,
high-efficiency solar cells, and power amplifiers for wireless communication. A decade
old dream of the electronics industry is the monolithic combination of the advantageous
properties of GaAs with the mature Si platform. However, the large lattice mismatch and
difference in thermal expansion coefficient between Si and GaAs make this heteroepitax-
ial combination very complicated. [1]
A conceptually facile strategy of integrating these materials is the reduction of their
interface area. Vertical one-dimensional nanostructures called nanowires (NWs) exhibit
diameters of tens of nanometers, thus facilitating the elastic strain relaxation to the sur-
face and confining plastic relaxation by formation of misfit dislocations to the interface
area. Therefore, in the form of NWs, GaAs and other III-V materials can be grown on Si
substrates with high structural quality. [2] Furthermore, NWs have attracted attention due
to their specific fundamental properties such as the formation of crystal phase quantum
structures [3–6] and their enhanced light-coupling characteristics. [7] In recent years, many
basic device structures based on GaAs NWs have been realized such as light-emitting
diodes (LEDs), [8] lasers, [9] and photovoltaic cells. [10]
To use GaAs NWs as the basis for more complex device structures, they can be com-
bined with other materials forming heterostructures, such as axial segments of its al-
loys, [11] or quantum dots inside the NW [12] or decorating the NW sidewalls. [13,14] An-
other promising structure are radial heterostructures in the core-shell geometry, which
1
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have so far been used mostly for surface passivation, and only few studies discuss radial
quantum wells. [15,16] Due to its lower bandgap energy compared to GaAs, an (In,Ga)As
quantum wells (QWs) is the archetypical system which has been widely explored in the
case of planar heterostructures, but in the case of (In,Ga)As shell QWs, only few studies
exist so far. [16–19] The lattice parameter of (In,Ga)As increases drastically with increasing
In content, leading to plastic relaxation of the strain by the formation of misfit disloca-
tions. Therefore, InP needs to be used as a substrate for planar (In,Ga)As layers with
high In contents that emit in the infrared range which is of interest for optical commu-
nication using fiber optics. In contrast, for core-shell structures, the small NW diame-
ter results in a new form of strain distribution, where shells grown pseudomorphically
around the NW core share the strain with the core. This strain partitioning enables the
growth of (In,Ga)As shell QWs with In contents up to 50% without the formation of dis-
locations. [20] The first LED structures based on such (In,Ga)As shell QWs were realized
at PDI before beginning this work, [17] unfortunately showing low luminescence intensi-
ties at room temperature. Here, a detailed investigation of the electronic and structural
properties was necessary to understand the luminescence properties.
This thesis is devoted to the realization of GaAs/(In,Ga)As nanowire core-shell struc-
tures of high quality. To enable efficient LED structures and more complex laser struc-
tures, [21] we use GaAs NWs grown on patterned Si substrates as core templates for the
shell growth. This selective area growth assures the precise control of the growth pro-
cesses as shadowing of the molecular beams by neighbouring NWs can be avoided by
using arrays with suitable separation between the NWs. This control during NW growth
is necessary to obtain the exact NW morphologies that are required for core-shell struc-
tures that enable the realization of complex devices. The growth of ordered NW arrays
had not been established at Paul-Drude-Institut before starting this project and is part of
this work.
Following this introduction, in chapter 2, the experimental methods are presented that
have been used for most of this work. A brief introduction to molecular beam epitaxy is
given and the specific system that was used in this work is presented. Furthermore, pho-
toluminescence spectroscopy is explained and the two main characterization techniques
that have been used are described: The setup used for continuous-wave photolumines-
cence spectroscopy at varying temperatures and the setup for time-resolved photolumi-
nescence spectroscopy at varying temperatures.
In chapter 3, the vapour-liquid-solid (VLS) growth of semiconductor NWs is discussed
in general and the Ga-assisted growth of GaAsNWs is introduced. Following this discus-
sion, we focus on the selective area growth of GaAs NWs. First, we present the processes
for patterning substrates and necessary surface preparation techniques for the realization
of GaAs NW arrays with high vertical yield. Then, we discuss the impact of the V/III flux
ratio on the growth results.
In chapter 4, a two-step growth approach is presented, which enables the growth of
untapered NWs with small diameters and high vertical yield. Based on this versatile
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growth approach, we show that significant vapour-solid growth on the NW sidewalls
contributes to the diameter evolution of the NWs. We derive a growth model that takes
into account the diameter variation due to changes of the droplet size and the direct
growth on the NW sidewalls. With this model we can precisely describe the shape of
entire NWs and use it in a predictive manner to obtain untapered NWs of different length
that are required for the growth of core-shell structures. Finally, we explore the role of
diffusion processes on the NW sidewall for the doping of NW structures and explain how
different dopant profiles might form.
In chapter 5, we introduce the growth of (In,Ga)As shells on GaAs NW cores. First,
the general requirements for the conformal growth of shells are discussed and the mi-
crostructure of such samples is presented. Then, we show the optimization of the growth
temperature, the V/III flux ratio, and the growth rate to achieve (In,Ga)As shell quantum
wells with optimum luminescence properties. Subsequently, we concentrate on the role
of the flux directionality in MBE for the growth of NW shells. We show that the relative
positions of the material sources in the MBE setup has crucial impact on the lumines-
cence properties of core-shell structures. We show that the directionality of the fluxes
and the three-dimensional nature of NWs lead to flux sequences on the NW sidewalls
and discuss possible explanations for its impact on the luminescence properties.
In chapter 6, we investigate the luminescence properties of the shell quantum wells in
more detail. We show that alloy clustering due to the specific growth processes, leads to
localization of charge carriers at low temperatures. Furthermore, we explore the impact
of different outer shell structures on the luminescence properties at varying tempera-
tures. We show that an AlAs barrier shell with a GaAs spacer shell are necessary to
obtain high luminescence intensities over the full temperature range.
In chapter 7, we present a process that enables the ex-situ annealing of NWs at high
temperatures. We show that the addition of a SiNx cap to the core-shell structure prevents
the destruction of the material at annealing temperatures of up to 900 ◦C. Furthermore,
we show that the luminescence peak corresponding to the (In,Ga)As shell quantum well
narrows and shifts to higher energies, indicating strong homogenization of the alloy and
reduction of the alloy clustering that is inherent to the growth process. Finally, we com-
pare the luminescence properties of an annealed sample to the as-grown samples.
In chapter 8, the work is concluded and an outlook is given to future work based on
the results presented in this work.
3

2 Methods for the growth and analysis of
GaAs nanowire core-shell structures
In this chapter, the main experimental methods are described that were used in this work
for the synthesis of the samples and their optical characterization.
2.1 Semiconductor growth by molecular beam epitaxy
The development of molecular beam epitaxy as a technique for semiconductor growth
went hand in hand with the quest for the synthesis of high quality material and novel
heterostructures at the beginning of the 1970s. [22] Early on, MBE was developed to grow
GaAs layers of high quality [23] and shortly afterwards heterostructures could be real-
ized [24] enabling the experimental investigation of superlattices motivated by theoretical
predictions. [25]
The fundamental idea of MBE is to have a directed beam of molecules or atoms im-
pinging on a heated substrate, where they form a crystalline phase. In order to achieve
such beams, the atoms must not scatter with other atoms while traversing to the sub-
strate. Therefore, ultra high vacuum conditions are necessary (p < 10−9 mbar) which are
maintained by multiple pumps. The molecular beams are generated by Knudsen evapo-
ration cells where a crucible holds material of highest purity and is electrically heated to
high temperatures. Due to the simplicity of the involved processes compared to vapour
phase epitaxy where complex precursor molecules are used, MBE is a versatile tool to
explore basic growth phenomena. Here, the growth dynamics are crucially dependent
on adatom adsorption and desorption, as well as adatom diffusion and incorporation.
These processes are thermally activated and affected by the total and relative material
fluxes, which can be precisely controlled in MBE. The low growth rates that can be pre-
cisely controlled by the temperature of the evaporation cells even enable the growth of
layers with thickness precision of less than a monolayer.
Desirably, the growth of planar layers proceeds in the Frank–van-der-Merwe growth
mode, if the lattice-mismatch to the underlying layer or substrate, respectively, is not
too large. [26] Here, it is assumed that the initial surface energy is higher than the sum
of the surface energy of the new layer and the interface energy of the two layers. The
minimization of the free energy then drives the formation of complete layers in layer-by-
layer growth. For low growth rates, this layer growth may happen by step-flow growth,
where surface adatoms can diffuse to the next step edge where they incorporate without
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Figure 2.1: (a) Photograph of the MBE setup used for this work. The growth chamber is in
the front. (b) Schematic diagram of the growth chamber of a MBE setup.
the formation of a new island on the terrace. This growth mode leads to the formation of
very smooth layers.
The UHV conditions also enable the in-situ characterization of the crystalline structure
by reflection high energy diffraction (RHEED). With this method, the three-dimensional
growth can be monitored and surface reconstructions on layers can be characterized.[27]
Unfortunately, the sample holder for the substrates used for most samples of this thesis
blocks the RHEED beam from the sample surface. Furthermore, the substrates used in
this work contain different fields (cf. 3.2.1) which are smaller than a typical RHEED spot
and therefore the measurement would necessarily integrate over many fields, making the
results unclear. Therefore, no in-situ characterization technique was used for the growth
of NWs in this work.
All samples discussed in the framework of this thesis were grown in the VG V80H
MBE system shown in Figure 2.1(a). Substrates are loaded into the UHV system through
a bakeable fast entry lock, pumped by a turbomolecular pump. By heating the substrates
to 125 ◦C the ambient water film is removed from the substrate surface. Prior to growth,
the substrates are heated in the preparation chamber to 400 ◦C to remove any remaining
residues. The vacuum in the preparation chamber is maintained by an ion pump and
a Ti sublimation pump, achieving a base pressure of below 10−10 mbar. Figure 2.1(b)
shows a schematic diagram of the growth chamber of the MBE setup. Here, the vacuum
is maintained by a cryo pump, an ion pump and a Ti sublimation pump. Furthermore,
a cryo panel filled with liquid nitrogen lies around the heated cells and the substrate to
enhance condensation of residual atoms and molecules at the surface. With this effort a
base pressure of below 10−10 mbar is achieved. The sample holder in the growth chamber
contains a heater with a maximum temperature of 850 ◦C which can rotate continuously
during growth to achieve a good homogeneity for planar samples. The temperature of
the substrate on the heater is measured by a pyrometer calibrated to the oxide desorp-
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tion temperature of GaAs(100). The material cells are mounted on 10 cell ports, directed
onto the substrate under an angle of 33.5◦ (one port is occupied by a heated window).
The exact locations of the sources with respect to each other are discussed in detail in
chapter 5.3.2. Sources for Ga, In, Al, Be, and Si are typical Knudsen evaporation cells
connected to PID temperature controllers. Additionally, the system contains two sources
for As with valved crackers (VEECO 500 CC). The cracker temperature was maintained
at 850–900 ◦C to supply mostly As2. For the growth of NWs there is only limited infor-
mation on the role of the As species. [28] All shutters and temperatures are controlled by
a software developed at Paul-Drude-Institut, assuring the repeatability of growth exper-
iments.
The material fluxes are measured by an ion gauge which can be moved in front of
the sample holder. The obtained beam equivalent pressure needs to be translated to a
growth rate or atomic flux to have physically meaningful and repeatable parameters. For
the calibration of the group III cells, layers of different alloys — (Al,Ga)As on GaAs(100)
and (In,Ga)As on InP(100) — were grown and the growth rate was calculated from the
thickness and composition measured by X-ray diffraction measurements. This procedure
is valid when the growth of planar III-As layers is As-rich, as needed for smooth layers,
and therefore the growth rate depends on the group III material flux. For the calibration
of the As flux, we monitored the surface reconstruction of a GaAs(100) layer by RHEED
at 580 ◦C. For As-rich conditions, the surface reconstruction is (2x4), whereas for Ga-
rich conditions it is (4x2). [29,30] The 1:1 point for Ga and As fluxes can be found when
the As flux is reduced until the surface reconstruction changes gradually at a specific As
flux. [31] From the growth rate calibration of the Ga flux, the As flux can be calibrated. This
calibration was done for both As cells to have consistent fluxes of the two cells which will
be important for the shell growth discussed in chapter 5.3.
In literature, fluxes and growth rates are often given in units ofML/s, which depend on
the growth plane of the substrate. In the case of NWs, there are two growth planes, (111)B
in axial direction and (110) in radial direction. Therefore, we use a unit for the fluxes
that does not depend on the growth plane, which is nm/min. This unit corresponds
to the material of one species that is necessary to grow zincblende GaAs of a certain
thickness per minute on a planar substrate. When the details of the shell growth on the
(11¯0) sidefacets are discussed in chapter 5, we also refer to the amount of monolayers
on the sidefacets. The GaAs(110) plane has a surface density of Ga atoms of S(110) =
2 at/
√
2a2GaAs = 4.426 at/nm
2, with the lattice constant of GaAs aGaAs = 0.565 nm. The
density of Ga atoms in the GaAs matrix is ρ = 4 at/a3GaAs = 22.22 at/nm
3. Consequently,
a monolayer of GaAs on the (110) plane has a thickness of d110 = S/ρ = 0.199 nm and
a growth rate of 1 nm/min corresponds to 0.084 ML/s on the (110) plane. For the exact
growth rate on the sidefacet one needs to take into account the substrate rotation and the
tilting of the sources with respect to the substrate normal (β = 33.5◦). One finds that the
flux on the sidewall is fSW = tan(β)/pi · fplanar ≃ 0.21 · fplanar where fplanar is the flux
incident on the substrate plane. Consequently, a planar flux of 9.5 nm/min corresponds
7
2 Methods for the growth and analysis of GaAs nanowire core-shell structures
to one monolayer on the (110) NW sidefacets.
2.2 Photoluminescence spectroscopy
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Figure 2.2: Diagram showing the dif-
ferent steps in a luminescence process:
the excitation process of electron hole
pairs by the absorption of a photon
with energy h¯ωexc (blue), the relax-
ation to the band edge by emission of
phonons, and the recombination pro-
ducing an emitted photon with energy
h¯ωem (green).
For the investigation of the electronic properties
of semiconductors with direct bandgap, lumines-
cence spectroscopy is a powerful tool. This part
on the presentation of the involved processes is
based on the description in chapters 6 and 7 of
the book by Yu and Cardona. [32] A luminescence
process comprises three separate steps: Excitation,
thermalization, and recombination, as visualized
in Figure 2.2. First, a non-equilibrium distribution
of electron-hole pairs is excited externally. In the
case of photoluminescence, this is done by pho-
tons of a laser beam with the energy h¯ωexc (blue
arrow in Figure 2.2). Then, the electron and hole
reduce their energy by the emission of optical and
acoustic phonons, indicated by the arrows cor-
responding to longitudinal optical (LO) phonons
in Figure 2.2, having a phonon energy of about
36 meV for GaAs at low temperatures. [33] The cor-
responding phonon-carrier interaction times can
range from 0.1 ps to tens of ps. As these thermaliza-
tion processes are much faster than the necessary
time it takes electrons and holes to recombine, it is assumed that the electrons and holes
adopt quasi-equilibrium distributions around the minima of the energy bands, which is
at the Γ-point for direct semiconductors like GaAs and (In,Ga)As. At this thermal equi-
librium, the carrier population decreases exponentially with increasing energy, which
makes luminescence experiments a sensitive probe for low-lying energy levels. Further-
more, the thermalization process separates the excitation process and the emission pro-
cess, and thus, removing the correlation between the two. In special cases, this thermal-
ization process may be incomplete, resulting in emission of photons from electron-hole
pairs with higher energy, a phenomenon called hot luminescence.
Finally, the thermalized electron-hole pairs recombine spontaneously if no strong ex-
ternal field is present to induce stimulated emission. The emission only depends on the
band structure and energy levels of the sample. If the semiconductor material has a di-
rect band-gap and electric dipole transitions are allowed, electron-hole pairs recombine
radiatively. For semiconductors with indirect band-gap, such as Si, electrons will ther-
malize in the indirect conduction band valley at high k values. Recombination of these
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electrons with holes is impeded, as the momentum of a generated photon is not large
enough to assure conservation of momentum, and many phonons need to be involved in
the recombination process. However, in direct semiconductors, free electrons and holes
recombine with the radiative recombination time τrad. Furthermore, defects leading to
deep-centers within the band-gap or surface states may lead to nonradiative recombina-
tion characterized by the nonradiative lifetime τNR.
At low temperatures, shallow impurities are not completely ionized and trap charge
carriers. These trapped carriers can recombine with free carriers, leading to emission
of photons with reduced energy compared to band-to-band emission discussed before.
GaAs grown by MBE typically contains significant amounts of carbon atoms, acting as
acceptors resulting in a characteristic transition of holes bound by the carbon acceptors
and free electrons. Beyond that, more specific shallow electronic levels within the band-
gap exist resulting in emission at various energies, such as donor-acceptors pairs.
For semiconductor samples of high purity and high quality, electron-hole pairs are
attracted by the screened Coulomb interaction and form Wannier excitons at low tem-
peratures. Here, the electron and hole form a bound state with a center-of-mass motion
and a reduced mass µ. In the effective mass approximation of the electronic band struc-
ture around the Γ-point, one can calculate the binding energy in the ground state similar
to the procedure for the hydrogen atom and obtains
Eb =
µe4
32pi2ℏ2ϵ40
=
(
µ
mϵ20
)
× 13.6 eV, (2.1)
where e is the electron charge, ℏ is Planck’s constant, and ϵ0 is the low-frequency dielec-
tric constant of the semiconductor. If the hole mass is much larger than the electron mass
as it is the case for many semiconductors like GaAs, the reduced mass µ is close to the
hole mass. Then, the binding energy of an exciton is similar to the donor binding en-
ergy. For GaAs, the binding energy according to Equation 2.1 is 4.7 meV (m∗el/m = 0.067,
m∗ho/m = 0.5 and ϵ0 = 13.1) which is close to reported experimental values. The exciton
Bohr radius is a0 = 112 Å, which is a measure of how far the exciton wavefunction ex-
tends within the lattice. In a semiconductor of high quality, the light that was generated
by the recombination of an exciton may generate excitons again. This process happens
continously and it cannot be distinguished between light and excitons in the materials,
therefore it can be treated as a coupled state called exciton-polariton. The energy of ex-
tracted photons generated by exciton-polaritons is reduced by the exciton binding energy
compared to the energy of photons due to band-to-band recombination of free carriers.
Similar to these, excitons can also be bound to shallow defects and localization sites in
quantum wells, which can be alloy clusters or regions with larger QW thickness.
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Continuous-wave photoluminescence spectroscopy
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Figure 2.3: Schematic diagram of µ-PL setup. Figure based on diagram from PhD thesis of
Christian Hauswald. [34]
In continuous-wave photoluminescence (cw-PL) spectroscopy, the excitation of charge
carriers in the material and the measurement of the generated PL signal proceeds con-
tinuously. Here, the charge carrier distribution is in a steady-state. Figure 2.3 shows
a diagram of the HORIBA JOBIN YVON LABRAM HR 800 UV µ-PL setup which was
used for all cw-PL measurements presented in this thesis. For excitation, a Helium-Neon
(HeNe) laser is used, emitting at a wavelength of 632.8 nm, corresponding to the transi-
tion energy in Ne atoms. The laser power can be decreased by inserting neutral density
optical filters into the optical path. The beam is deflected by mirrors and an edge filter to
a microscope objective, which focuses the light onto the sample. The luminescent light
from the sample is collected by the same objective as used for excitation. At the edge
filter a part of the signal is not deflected and enters the monochromator. Here, a grat-
ing with 600 grooves/mm is used to disperse the light which is then detected by a liquid
Nitrogen-cooled Si charge-coupled device (CCD)with 1024 x 256 pixels. The sample itself
is mounted inside a continuous-flow cryostat. A flow of liquid He in combination with
a PID controlled heater element in the cryostat maintain a constant temperature between
10 K and 300 K. The cryostat is mounted on an electric translation stage for localization
of the specific location on the sample.
The setup contains dispersive optical elements such as the microscope objective. Fur-
thermore, the sensitivity of the Si CCD detector depends on the wavelength of the in-
coming light and decreaseses strongly for photon energies close to the Si band-gap en-
ergy.[35] Therefore, the measured spectra need to be corrected for the system response to
obtain comparable intensities and peak shapes at different wavelengths. In this context,
we measured the broad thermal emission of a quartz tungsten halogen reference lamp
(BENTHAM CL2), and divided the measured spectra by the nominal values provided by
the manufacturer. Figure 2.4 presents the obtained attenuation factor of the PL signal as
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a function of wavelength. This curve was used to correct all cw-PL spectra presented in
this thesis. It shows that for detection wavelengths above 950 nm the PL signal is atten-
uated by more than an order of magnitude. In order to assure a reasonable intensity in
the PL investigations, we concentrated on (In,Ga)As shells with moderate In contents of
15%, corresponding to an unstrained band-gap energy of 1.299 eV (λ = 955 nm).
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Figure 2.4: Attenuation factor of the PL signal as a
function of wavelength due to the system
response.
The microscope has a numerical
aperture of 0.25 and a magnification
of 10×, leading to an estimated spot
size of about 5–10 μm in diameter.
As the spot size is not well known,
we did not attempt to calculate the
excitation density but only state the
excitation power. However, we es-
timate that for the mentioned spot
sizes the typical excitation densities
used in this thesis are well below 540–
8700 W/cm2 (for a maximum excita-
tion power of 1.7 mW). Furthermore,
we assume that an ensemble of NWs
is measured. For the mentioned spot
sizes and NW arrays with separation of 1 μm and a vertical yield of 60% we expect that
18–73 NWs are measured simultaneously.
Time-resolved photoluminescence spectroscopy
In time-resolved PL spectroscopy, charge carriers are excited by a light pulse and the lu-
minescence signal is measured as a function of delay time. Thereby, the charge-carrier
dynamics can be investigated. Figure 2.5 shows a schematic diagram of the setup for
time-resolved photoluminescence experiments used in this thesis. A COHERENT VERDI
solid-state laser with wavelength of 532 nm pumps a COHERENT MIRA 900 Ti:Sapphire
laser. The laser is tuned to a central wavelength of 750 nm and emits pulses with a
duration of 200 fs and repetition rate of 76 MHz. The laser pulses are generated by pas-
sive mode-locking in the laser cavity. A Kerr-lens focuses intense pulses onto a pin-
hole, whereas less intense continuous light is not focused and attenuated by the pinhole.
Thereby, only intense pulses remain in the cavity. These pulses are composed of many
longitudinal modes with a fixed phase relationship. The pulsed laser light is focused onto
the sample by the same objective used for cw-PL. By moving a set of mirrors and the ob-
jective on a x-y stage one can direct the laser beam onto different locations on the sample.
The emitted light is collected by the same objective and directed to the monochromator.
Here, a grating with 300 lines/mm disperses the light spectrally, which is detected by a
HAMAMATSU C5680 streak camera in syncroscan mode.
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Figure 2.5: Schematic diagram of the time-resolved PL setup. Figure based on diagram from
PhD thesis of Christian Hauswald. [34]
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Figure 2.6: Time-resolved PL of a GaAs/(In,Ga)As
core-shell sample discussed in chapter 6.3.
Here multiple single spectra are added to
obtain a spectrum over a larger spectral
range.
The streak camera consists of a
cathode tube with photocathode and
phosphor screen. The spectrally dis-
persed light generates electrons in the
photocathode which travel through
the cathode tube. The spectral dis-
persion is maintained in vertical di-
rection to the electron beam. The
electrons are deflected along the ver-
tical direction normal to the spectral
plane by an electric field generated
by a sawtooth voltage applied to the
deflection electrodes. The voltage is
generated by a sweep-curve circuit
which is triggered by a photodiode
detecting the pulsed laser signal ex-
tracted from the beam path by a beam
splitter (BS). After traversing the tube, the electrons hit the phosphor screen and the gen-
erated light is detected by a camera. Thereby, temporal and spectral information of a
stream of light is transferred into spatial information on the screen. A resulting spectrum
is shown in Figure 2.6. Here, the PL intensity is shown according to the colormap on the
left. The delay time is given as the y-axis and the photon energy as the x-axis. Such a
two-dimensional spectrum is imaged by the camera on the phosphor screen and can be
understood as a series of separate spectra taken at different times.
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on patterned Si substrates
Various techniques have been used to synthesize GaAs NWs such as MBE [36,37] and met-
alorganic vapour phase epitaxy (MOVPE). [38] In research, the most popular method for
fundamental growth studies is MBE, as complex pre-cursor materials can be avoided and
the UHV conditions assure highest purity. For growth by MBE, the Ga-assisted growth
approach is a particularly clean method as no external catalyst materials are necessary
and thus it has become amajor technique for the exploration of the growth of GaAs NWs.
In this chapter, we introduce the Ga-assisted growth of GaAs NWs by MBE with a focus
on selective area growth (SAG) on patterned substrates, which has been of great inter-
est in recent years. [39–43] Despite much progress, realizing a high vertical yield, i.e. ratio
of vertical NWs to holes in the mask, remains challenging. Often, NWs form at the de-
sired position but do not elongate perpendicular to the substrate or even crystallites form
instead of NWs. Vertical yield values vary significantly among different studies [39,44] be-
cause the yield depends not only on growth parameters [42,44] but also critically on mask
processing conditions. [40,41] Here, we investigate in particular the impact of the surface
preparation and the V/III ratio on the growth of vertical NWs. These results will be the
basis for all growth experiments discussed in this thesis.
In section 3.1, we review the development and current state of GaAs NW growth
with particular emphasis on growth by MBE. The vapour-liquid-solid growth mode is
explained and the Ga-assisted growth approach for GaAs NWs is motivated. Finally,
we discuss distinct features of NWs that make them particularly interesting for growth
experiments, i.e. the beneficial strain distribution and the formation of materials in the
wurtzite crystal structure that typically exist only in zincblende structure.
In section 3.2, the processing of substrates for SAG using electron beam lithography
and dry etching is explained and the mask design is presented. On the basis of the pro-
cessed substrates, the impact of different surface preparation procedures is explored. It
is shown that rinsing the substrate in boiling ultrapure water increases the vertical yield
drastically. Different methods are used to understand the impact on the surface itself.
Finally, we discuss the growth of NWs by SAG in more detail and explore the impact of
the V/III ratio on the vertical yield of NW arrays.
In section 3.3, the growth of NWs with high vertical yield gets transferred to substrates
patterned by nano-imprint lithography, making the growth of large arrays of NWs feasi-
ble.
13
3 Selective area growth of GaAs nanowires on patterned Si substrates
Parts of this chapter have been published in H. Küpers et al., Semicond. Sci. Technol. 32
115003 (2017) [45] and H. Küpers et al., Nano Research (2018) [46].
3.1 Growth of GaAs nanowires
The intentional growth of semiconductor NWs was first observed by Wagner and Ellis
in 1964. [47] Their study introduced the vapour-liquid-solid (VLS) growth method which
is now a popular approach used in many NW growth experiments. Here, material is
present in three thermodynamic phases: The vapour phase represents the source of ma-
terial, the molecular beam in the case of MBE. The vapour is collected by a liquid particle
and incorporated into it as a solute. An increase of the concentration of growth species
in the droplet leads to supersaturation of those atoms in the droplet. Consequently, the
dissolved material crystallizes and forms a solid phase below the droplet, leading to the
growth of one dimensional nanostructures. After the first realization of Si NWs, [47] VLS
NWs consisting of many other semiconductor materials have been synthesized, such as
ZnO, SixGe1−x, and GaN among others. [48]
Also for the archetypical compound semiconductor GaAs, the growth of nanowhiskers
and nanowires was explored. [49] Initially, the samples were grown using a Au nanoparti-
cle as droplet. [50] For vapour phase methods like MOVPE, the droplet acts as a catalyst in
cracking themetal-organic pre-cursor molecules. Therefore, MOPVE growth approaches,
apart from vapour-solid NW growth, [51] strongly rely on Au catalysts but also other for-
eign metal catalysts have been introduced, [52] such as Ag [53] and Sn. [54] However, many
metals – Au in particular – are known to act as a deep states in many semiconductors,
which is detrimental for their respective electric and optical properties. [55] Consequently,
a degrading effect of the Au droplet on the general cleanliness of the MBE system and the
NW characteristics in particular was expected, which was later put into perspective. [56,57]
However, in 2008 two groups reported the succesful growth of GaAs NWs under a Ga
droplet, thus avoiding any external catalyst material. [36,37] Within the past 10 years, this
Ga-assisted growth approach has become very successfull for the growth of NWs and
most GaAs NW samples grown by MBE are based on this growth approach today. Re-
cently, the Ga-assisted growth has also been used successfully to grow GaAs NWs in
MOVPE [58] and hydride vapour phase epitaxy. [59] Furthermore, it was found that the low
solubility of As in the Ga droplet leads to nucleation anti-bunching of new monolayers,
which results in a high homogeneity in the length of NW ensembles, [60,61] an important
but more subtle advantage of the Ga-assisted growth approach.
Figure 3.1(a) and (b) illustrate the VLS growth of GaAs NWs in the Ga-assisted ap-
proach. Here, molecular fluxes of Ga and As2 are supplied in the vapour phase. The
adatom diffusion length of Ga on native oxide covered Si substrates is on the order of
hundreds of nanometers, which is smaller than on bare Si surfaces. Still, the collectiono of
Ga from a large area on the surface leads to the nucleation and formation of Ga droplets,
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Figure 3.1: Description of the Ga-assisted VLS growth: (a) Ga atoms form droplets due to
large surface diffusion length. (b) The droplet accommodates As and Ga, leading
to the growth of solid GaAs. The large supply of Ga by diffusion on the sidefacets
is indicated by the green arrow. (c) SEM image of GaAs NWs grown on a Si sub-
strate covered by a thin native oxide. The growth conditions are Tgrowth = 630 ◦C,
fGa =1.9 nm/min, and R5/3 = 7. The detailed growth procedure is described
elsewhere [62]. The Ga droplet is hardly visible due to the thin NW diameter of
30 nm. The sample is tilted by 25◦ from the substrate normal. Micrograph ac-
quired by Anne-Kathrin Bluhm.
as shown in Figure 3.1(a). The density of the droplets in combination with randomly oc-
curing pinholes in the oxide layer determine the density of forming objects. [63,64] These
pinholes provide the connection to the crystalline substrate, where crystalline GaAs is
nucleated when the As concentration in the Ga droplet has reached a critical value for
supersaturation. By continued growth below the droplet the NW forms as shown in
Figure 3.1(b). GaAs NWs typically grow in the 〈1¯1¯1¯〉B direction and form six {11¯0} side-
facets. The high surface diffusion of Ga on these NW sidefacets leads to a large supply
of Ga atoms to the droplet. In contrast, it is assumed that As does not diffuse on the sur-
face but desorbs immediately. Additionally, a secondary source of As by re-desorption
from the substrate has been shown to increase the As supply at the droplet. [65] Conse-
quently, only As that impinges on the droplet and gets accommodated contributes to
growth. Due to this discrepancy of the two species, the effective V/III ratio at the droplet
is much smaller than the nominal ratio corresponding to the fluxes. Therefore, V/III flux
ratios well above one can be used to grow NWs while maintaining a liquid Ga droplet.
Figure 3.1(c) shows a micrograph of a typical GaAs NW sample grown on a native oxide
covered Si(111) substrate in the Ga-assisted growth mode. The NWs have a length of
several µm and widths of around 30 nm, underlining the high aspect ratio.
15
3 Selective area growth of GaAs nanowires on patterned Si substrates
(0
00
-1
)
(1
11
)B
Ga: As:
ZincblendeWurtzite
A
A
B
A
A
B
C
Figure 3.2: Ball and stick model of the wurtzite and zincblende structure with indicated
stacking sequence. The thick sticks represent bonds and the thin lines visualize
the unit cell.
The small diameter of NWs enables the heteroepitaxial growth on foreign substrates.
Strain due to the lattice-mismatch can relax either elastically at the surface or relax plas-
tically via dislocation formation which is confined to the interface and bottom part of the
NW. [66–69] This property enables the growth of GaAs NWs on Si substrates without the
formation of extended defects, [2,70] despite the large lattice mismatch of 4.1% and ther-
mal expansion coefficient mismatch of 60%which complicates the growth of planar GaAs
layers on Si. [71–73] This material combination is desirable as it enables the integration of
active photonic components based on III-Vmaterials with the silicon platform, supplying
logic circuits. Therefore, all samples discussed in this thesis and most of the III-As NW
samples synthesized at the Paul-Drude-Institut are grown on Si substrates.
Most III-V compound semiconductors (except Nitrides) are known to form in the cubic
face-centered zincblende crystal structure. [74] In contrast, in the form of NWs these ma-
terials can adopt the wurtzite crystal structure, either in the form of short axial segments
or spanning the entire NW. [51,75–77] Also rotational twins and stacking faults are often
observed in NWs. Figure 3.2 shows the wurtzite structure and the zincblende structure
in a ball and stick model, where the black balls are Ga atoms and the white balls are
As atoms. Typically, the two structures are characterized by their respective stacking se-
quence of (111) planes in the three available positions on top of each other as indicated
by the letters in Figure 3.2. For the wurtzite structure, the stacking is ABABAB. . . and
for the zincblende structure ABCABCABC. . . . Based on this stacking order one can also
distinguish stacking faults and twin-planes, two planar defects that often exist in NWs.
For stacking faults, a plane is skipped leading to a stacking sequence of ABCABABC. . . ,
which appears like a monolayer of wurtzite in the otherwise zincblende crystal. Twin-
planes are characterized by a stacking of ABCABCBA. . .where the stacking order is re-
versed. All these defects form normal to the typical NW growth direction and extend
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over the entire NW cross-section.
The formation of polytypic material is inherent to the VLS growth mode where the nu-
cleation of new monolayers below the droplet is assumed to start at the edge. [78] Here,
the nucleus faces the TPL of vapour, liquid and solid. Depending on the wetting angle
of the droplet on the NW top, this boundary has a different shape affecting the surface
energy of a nucleus formed at the TPL and determining whether nuclei form preferen-
tially in the zincblende or the wurtzite structure. [77,79] More recently, the presence of an
edge facet was shown by in-situ TEM techniques. [80] For certain droplet sizes or wetting
angles, respectively, these edge facets have been observed which lead to the preferen-
tial formation of zincblende nuclei in the center of the growth plane instead of wurtzite
nuclei at the TPL. The droplet size and wetting angle, both depend on the growth con-
ditions, particularly the V/III flux ratio, [77] enabling the control of the crystal structure.
This formation of polytypic NWs leads to many novel discoveries, as the materials show
different electronic properties, most notably different band gaps and band offsets, result-
ing in complex electronic structures. Such crystal phase quantum structures give rise to
emission over a wide range of energies. [3–5,81,82]
3.2 Growth of GaAs nanowires on substrates patterned by
electron beam lithography
As we discussed previously, for the growth on native oxide, the formation of NWs de-
pends on the density of nanoholes in the oxide layer which are randomly positioned as
exemplified by Figure 3.1(c). However, for many applications, controlling the position
of the NWs on the chip is essential. One prominent approach is SAG in the holes of a
patterned mask, which is defined in sputtered or thermal silicon oxide layers using ad-
vanced lithography methods. [39–43] Due to the low sticking on the oxide surface, growth
is confined to the nano-holes. Similar to growth on native oxide covered substrates, a Ga
droplet is formed which accommodates As, leading to VLS growth of NWs. The major
differences are the nature of the mask surface and the interface of the droplet to the bare
Si substrate inside the mask hole, both having a crucial impact on the growth results as
we will discuss in this section.
3.2.1 Pattern processing by electron beam lithography
For all samples that are presented in this thesis except in chapter 3.3, substrates were
patterned by electron beam lithography (EBL). First, 100 nm of positive EBL resist is
spin-coated on 2" and 3" Si(111) wafers covered with a 15–20 nm thick thermal silicon
dioxide (SiO2) layer. The oxide thickness is measured precisely for every substrate by
spectroscopic ellipsometry, to determine the correct etching time at a later step. Then, the
pattern is written in an EBL system (Both steps done by Mathias Matalla at Ferdinand-
Braun-Institut). Here, a focused electron beam is directed onto the wafer and leads to
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Figure 3.3: Mask outline of a single 10 mm x 10 mm substrate. The crosses mark the corners
of the chip. The mask contains (a,b) two matrixes of arrays with different hole
sizes and separations, (c) a 1 mm x 2 mm field with 1 µm separation, and (d) two
lines of holes with 10µm separation.
cross-linking of the polymer chains in the intended areas. Subsequently, the resist is de-
veloped and the oxide mask is etched by reactive ion etching using CHF3 to avoid under-
etching effects (Done by Bernd Drescher at PDI). Finally, the wafers were cut into square
pieces with an edge length of 10 mm and cleaned by organic solvents, oxygen plasma
and UV ozone. With this procedure we achieve 9 (29) highly comparable substrate pieces
per 2" (3") wafer (Final cutting and cleaning done by Sander Rauwerdink). Immediately
before loading into the MBE system, the surface of the substrate was prepared by a wet
chemical treatment which will be described in detail in the next section.
Figure 3.3 shows the mask outline of a single substrate piece. The small square fields,
(a) and (b), located below the markers ("M1/M2") have a size of 100 µm x 100 µm. They
contain hexagonal arrays of holes with separations ranging from 0.1 to 10 µm and min-
imum hole diameters of 40–50 nm, organized in a 5 x 10 matrix. This matrix of arrays
exists twice. Furthermore, the substrates contain a 1 mm x 2 mm large field (c) located at
the bottom right side with a hole spacing of 1 µm and size of 40 nm for XRD measure-
ments with a conventional lab setup. On the left side (d), two 1 mm long lines of holes
with separation of 10 µm exist for measurements of single NWs with X-ray synchrotron
beams in grazing incidence. The mask is aligned to the substrate orientation such that it
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Figure 3.4: AFM micrographs of Si(111) surfaces treated with (a) HF and cold water and (b)
HF and boiling water following the rinse in cold water. In both cases the mea-
surement was carried out in large marker areas of a patterned substrate where
the thermal oxide had been removed before the wet treatment. RMS roughness
values are 0.19 nm and 0.17 nm, respectively. Reprinted from Küpers et al. [45].
can be cleaved along the 〈11¯0〉 direction into two pieces exhibiting identical field matrices
and either the single NW line or XRD field for different characterization methods.
3.2.2 Impact of surface preparation on vertical yield
Many research groups struggle with a low reproducibility of the vertical yield of GaAs
NWs in selective area growth byMBE (private communication). One reason is the limited
understanding of the initial nucleation of NWs at the substrate-droplet interface. Here,
the initial GaAs nucleus forms below the Ga droplet at the Si surface. The different phases
and interfaces involved make it a complex system which determines the initial growth
of the nucleus into a NW or other objects. A way to change this interface is the explo-
ration of different surface treatments of the Si(111) surface prior to growth. In general,
fluoride acid solutions are employed to remove the native silicon oxide in the mask open-
ings. Aqueous solutions of HF have been reported to produce atomically rough Si(111)
surfaces. [83,84] The surface is oxide free but small Si islands are present with di- and tri-
hydrides saturating the dangling bonds of the Si atoms at the edges of the islands. These
edges are selectively etched in etching solutions with a higher pH value, as for example
ammonium fluoride (NH4F), leading to an atomically flat surface. [84] A similar effect is
achieved by boiling the sample in oxygen-free water for up to 10 min where OH− ions
attack the Si backbonds: [85] It was reported that this treatment leads to a Si(111) surface
which is completely terminated by mono-hydrides, [86] and the smoothness of the surface
on an atomic scale was confirmed by scanning tunneling microscopy. [87]
Figure 3.4 presents the surface topography of etched Si(111) substrates as measured by
atomic force microscopy (AFM) on patterned substrates after etching in 1% HF solution
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Figure 3.5: SEMmicrographs comparing NW samples grown on substrates patterned by EBL
and exposed to different surface treatments prior to growth: (a) HF and cold wa-
ter, (b) HF and cold and boiling water, and (c) NH4F and cold water. The vertical
yield increases from below 5% to 65%with the addition of the boiling water treat-
ment. For the sample treated with NH4F the vertical yield is 25%. The viewing
angle for all micrographs is 15◦ from normal. Reprinted from Küpers et al. [45].
for 60 s and rinsing with (a) cold (20 ◦C) water and (b) cold and subsequently boiling
(100 ◦C) water. The root-mean-square roughness values are 0.19 nm and 0.17 nm, respec-
tively. We cannot assume this difference to be significant due to the resolution limit of
the setup. Even though we cannot access the atomic roughness by AFM measurements,
the sample with the boiling water rinse shows a larger feature size (average equivalent
square size is 31.2 nm in (a) and 38.0 nm in (b) as calculated by a segmentation grain
analysis using gwyddion). These larger islands are consistent with a smoother surface for
the boiled sample.
In order to explore the impact of such surface treatments on NW growth, different
treatments were carried out before loading the samples into the MBE system. Figure 3.5
shows scanning electronmicroscopy (SEM) images of samples after growth for substrates
pre-treated with: (a) HF (1%) for 60 s with 3 min cold (20 ◦C) water rinse, (b) HF (1%)
for 60 s with 3 min cold (20 ◦C) water rinse and 10 min hot (100 ◦C) water rinse, and (c)
NH4F (40%) for 120 s with 3 min cold (20 ◦C) water rinse. Prior to growth, substrates
were annealed in the growth chamber at around 680 ◦C for 10 minutes, after which the
temperature was lowered to the growth temperature of 630 ◦C. Ga was pre-deposited at
a flux of 8.5 nm/min for 90 s. Subsequently, NW growth was initiated by supplying Ga
and As2 simultaneously at a V/III ratio of 2.4. The growth time was 15–30 min, after
which all sources were closed and the substrate was ramped to 100 ◦C. In Figure 3.5(a),
the vertical yield is below 5% with most holes occupied by tilted NWs or crystallites.
However, the growth is restricted to the holes and the oxide surface seems to be free of
residues. Figure 3.5(b) shows that adding a boiling water rinse in addition to the cold wa-
ter rinse leads to a drastic increase in vertical yield to 65%. Figure 3.5(c) shows another
sample which was grown on a wafer etched in NH4F instead of the HF dip (no boiling
water). This sample also exhibits an increase in vertical yield to 25%. However, many
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Figure 3.6: SEM top-view micrographs of Ga droplets deposited on unpatterned Si(111) sub-
strates with different surface treatments: (a) HF and cold water and (b) HF, cold
water and boiling water. Insets: SEM micrographs in side-view, showing a con-
tact angle of 50◦ and 45◦. Reprinted from Küpers et al. [45].
droplets are present on the oxide surface indicating the presence of residues. Further-
more, the NWs of this sample have different lengths. Results from earlier experiments
suggest that incompletely etched holes lead to the inhomogeneous length distribution.
Here it may result from the low etching rate of the solution. The NH4F etching leads to
a smoother surface but was reported to leave insoluble salt residues on the surface. [88]
These residues may be the reason for the accumulation of material on the oxide surface
as seen in Figure 3.5(c).
Previously, it was reported for NW growth on unpatterned substrates that the contact
angle of droplets on the substrate surface can have a significant impact on the nucleation
of NWs. [89] In order to check if the here presented surface treatment changes the contact
angle we deposited Ga droplets on unpatterned Si(111) substrates in a similar fashion as
has been done in the mentioned study. Even though we assume that the hole in the oxide
mask has a significant impact on the shape of the Ga droplet, here, we are interested in
the surface properties of the Si substrate. This effect will be similar on a bare substrate
and in an etched hole and therefore we can use unpatterned substrates for this exper-
iment. Figure 3.6 shows SEM top-view micrographs for samples with different surface
treatments: (a) 1%HF for 60 s and rinsing in cold water and (b) 1%HF for 60 s and rinsing
subsequently in cold and boiling water. The mean droplet diameter increases from 390
± 50 nm to 620 ± 210 nm using boiling water and the density decreases from 0.92 µm−2
to 0.21 µm−2. The larger separation and size of the droplets indicate a longer surface
diffusion length of Ga atoms on the Si surface for the substrate rinsed in boiling water,
which is consistent with a smoother surface due to the hot water treatment. The insets
of Figure 3.6 show side-view micrographs of Ga droplets after the deposition. The con-
tact angle is similar for the two samples (approximately 50◦ and 45◦). These values are
in agreement with the reported values for an oxide free surface. [89] Thus, the observed
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Figure 3.7: Vertical yield for varying V/III flux ratio. The maximum is at 2.4 and for higher
V/III ratios the vertical yield decreases drastically. Inset: SEM image of a sample
grown with optimum V/III ration. The sample is tilted by 15◦. Reprinted from
Küpers et al. [46].
increase in vertical yield does not correlate with a significant change in contact angle.
Consequently, NW nucleation cannot be understood by only investigating the contact
angle and the underlying surface energies. Furthermore, our results are in agreement
with the hypothesis that reducing the atomic-scale roughness leads to an improved ver-
tical yield. We suppose that an atomically rough substrate surface may lead to a high
density of initial nuclei at the droplet substrate interface leading to a rapid crystallization
of the liquid Ga droplet into a GaAs crystallite that can be seen in Figure 3.5(a).
3.2.3 Impact of growth parameters on vertical yield
In addition to the mask processing conditions, the growth conditions play a crucial role
for the formation of vertical NWs. Similar to growth on native oxide, for initiating NW
growth, a Ga droplet needs to form. On the thin native silicon oxide, the surface dif-
fusion length is on the order of several µm, determining the collection area of Ga. In
combination with the density of pinholes in the oxide, it determines the number density
of droplets and consequently NWs on the wafer. [63,64,90] In contrast, for SAG the diffu-
sion of Ga atoms on the thicker thermal oxide is negligible due to high desorption and
consequently Ga droplets are only formed by Ga atoms impinging directly in the hole
opening. [44,91] Therefore, typically a Ga pre-deposition step is used to deposit enough Ga
atoms to form a droplet of sufficient size before initiating NW growth. It was shown that
at a Ga flux of 17 nm/min a deposition time of 45 s was optimal for patterns with holes
having a similar size as on our substrates. [44] Thus, in our experiments we used a pre-
deposition time of 90 s at a flux of 8.5 nm/min to achieve the same amount of Ga atoms
for droplet formation.
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After this pre-deposition step, the addition of an As flux initiates the GaAs crystal
growth. The ratio of As and Ga flux is a particularly crucial factor for vertical NW
growth. Figure 3.7 shows the vertical yield as a function of V/III ratio based on a series
of samples grown with different As flux. The growth temperature was 630◦C, the Ga flux
8.5 nm/min, the pre-deposition time 90 s and the As flux was varied from 15.3 nm/min
to 34 nm/min. The vertical yield is highest at a V/III ratio of 2.4 yielding values above
70%. Figure 3.8(a) shows a larger part of a NW array grown under optimized growth
conditions, underlining the high vertical yield. If the V/III ratio is too low, the droplet
increases in size but no crystalline material is formed or the growth proceeds horizontaly
on the substrate. On the other hand, if the V/III ratio is too high, the droplet rapidly
crystallizes into GaAs and only crystallites are formed, terminating the VLS growth. This
result is in qualitative agreement with previous reports, [40,42] which are based on differ-
ent calibration procedures making it difficult to compare the exact V/III ratios. Due to
the negligible collection of Ga atoms from the SAG mask, as discussed before, the effec-
tive V/III ratio at the droplet is larger than for growth on native oxide. Consequently, the
V/III ratios used for SAG are lower than typical values used for growth on native oxide
covered substrates for achieving comparable growth results. [90] The inset of Figure 3.7
shows a high-magnification micrograph of a NW array grown with the optimum growth
conditions, underlining the high vertical yield and selective growth. Furthermore, the
NWs exhibit a larger diameter compared to the sample grown on the native oxide cov-
ered substrate shown in Figure 3.1. This discrepancy is due to the different V/III ratios
that were required for the growth on the different substrates. In the next chapter, we
introduce a solution to this discrepancy.
3.3 Growth on large scale arrays patterned by nano-imprint
lithography
For the realization of large NW arrays, it is desirable to transfer the growth from EBL pat-
terned substrates to substrates patterned by a method with a higher throughput. Nano-
imprint lithography (NIL) has been shown to be a potentially fast and effective technique
to produce masks for SAG of NWs. [42,92,93] However, so far the NIL approach could not
realize feature sizes that are comparable towhatwas achievedwith EBL (40 nm). [39–41,43,94–96]
However, for core-shell NW devices [17] it is desirable that the hole size is smaller than the
final NW diameter of typically 50 nm in order to minimize leakage currents between the
substrate and doped shells. Theoretically, the resolution limit of NIL depends mainly on
the minimum feature size on the stamp, which can be fabricated by EBL. However, in
practice, the precise pattern transfer into the mask layer with high fidelity depends first
on the thickness and the uniformity of the residual layer underneath the imprint pattern,
and second on the optimization of the plasma etching parameters for each process step.
Recently, a NIL process has been established at PDI, that enables the realization of
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Figure 3.8: Micrographs of NW arrays on substrates patterned by different techniques: (a)
Substrate patterned by EBL with optimized surface treatment and growth condi-
tions. An overall vertical yield of 80% was achieved. (b) Substrate patterned by
NIL with same surface treatment and growth conditions as in (a). The separation
of the holes is 1.5 µm in both arrays. Both micrographs were taken under an an-
gle of 15◦ from the substrate normal. The different morphology is due to different
growth times of 20 min and 30 min, respectively.
hole sizes comparable to what has been achieved by EBL [45]. In this process an indirect
pattern transfer is used to avoid underetching of the resist layer during the etching of the
holes into the mask layer. Thereby, hole diameters below 50 nm could be realized in large
arrays on the scale of the wafer (1.5 cm x 1.5 cm). Figure 3.8(b) shows a micrograph of
a part of a NW array grown on a substrate patterned by NIL. Based on the optimization
of surface preparation and growth parameters presented earlier in this chapter we could
use the substrates patterned by NIL for the first time at PDI for the successful growth of
NW ensembles with high vertical yield. However, for the course of this thesis we relied
on the established EBL process for a high supply of substrates.
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3.4 Conclusion
We introduced the growth of GaAs NWs by MBE with a focus on the Ga-assisted growth
modewhich is fundamental for this thesis. Based on the description of the current state of
GaAs NW growth, we described our efforts to establish the growth of NWs on patterned
Si substrates. Here, we improved the vertical yield of Ga-assisted GaAs NWs grown by
MBE from 5% to 65% by following an improved substrate preparation procedure. The
key process is rinsing in boiling water as the last step before loading the substrate into
the MBE chamber. The origin for the improvement is not clear but we expect that it is
related to the atomic scale roughness. These results will be important for understanding
the initial formation of VLS NWs and will help facilitate the reproducible and compa-
rable selective area growth of VLS NWs. On this basis we could investigate the impact
of the most crucial growth parameter, namely the V/III flux ratio, on the vertical yield.
Here, we found an optimum V/III ratio of 2.4 yielding a vertical yield of above 70%. This
result is, in fact, smaller than the best report of close to 100% [44] but good in comparison
to the majority of reports by other groups. [42,43,97,98] This result could then get transferred
to substrates patterned by a novel NIL process. Therefore, this study presents the basis
for the growth of NW samples on large-scale substrates and cost-effective patterns with
a high vertical yield. The optimization of processing and growth parameters obtained
in this chapter is the basis for establishing SAG as a reliable method to synthesize GaAs
NW ensembles at PDI. Therefore, these results are the starting point for the detailed in-
vestigation of NW growth processes in the next chapter.
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4 Diameter evolution of selective area
grown GaAs nanowires
For many NW-based device structures it is crucial to control the diameter and shape of
the NWs. [43,99] However, NWs grown by SAG typically exhibit a larger diameter and
more tapering compared to NWs grown on unpatterned Si substrates covered with na-
tive oxide. In the Ga-assisted growth of GaAs NWs, [36,37] the droplet determines the NW
diameter. [100] The droplet size depends on the effective V/III ratio at the droplet, which
is affected crucially by surface diffusion of Ga. Therefore, the change of the size of the
droplet during NW growth can easily lead to a diameter variation of the forming NW,
resulting in either positively or negatively (inversely) tapered NWs. [37,101–103] Recently,
theoretical models have been established to describe the shape of such NWs based on the
droplet dynamics. [104,105] However, in addition to diameter variation due to the droplet
dynamics, direct vapour-solid (VS) growth on the side facets is regularly observed, which
also influences the NW diameter, [28,37,42,97,106–109] but this phenomenon lacks a compre-
hensive description.
In section 4.1, we develop a two-step growth procedure to decouple NW nucleation
in the mask holes from NW elongation. NWs are nucleated at a low V/III ratio to max-
imizie the vertical yield based on the optimization of processing conditions and growth
parameters discussed in chapter 3. After nucleation, the V/III flux ratio is adjusted to
tailor the NW morphology. Using this approach, we realize high vertical yields of thin
and untapered NWs with lengths of several µm.
In section 4.2, we analyze the elongation phase in detail using our versatile growth
procedure. We find that radial VS growth has a strong impact on the final diameter
and shape of the NW. We present a model that explains the observed radial growth and
is consistent with the understanding of diffusion processes that are responsible for the
axial growth. Finally, we combinine our VS growth model with an existing model for
VLS growth by Tersoff. [104] Thereby, we can quantitatively describe the shape of complete
NWs and its evolution during elongation. Finally, we use our comprehensive model to
calculate the tapering over a large parameter space. This predictive map underlines the
impact of the growth time on tapering and shows the full capability of the growth model.
In section 4.3, we discuss the impact of the radial growth and the involved diffusion
processes on the doping of such NWs. Depending on the diffusion length of the dopant
atoms we discuss different dopant density profiles in NWs and possible experiments to
verify these. This understanding might be beneficial for the realization of doped NW
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heterostructure with desired doping profiles. Furthermore, it can possibly give valuable
insight into the fundamental adatom diffusion of dopant atoms, which is not accessible
in 2D layer growth.
Parts of this chapter have been published in H. Küpers et al., Nano Research (2018). [46]
4.1 Two-step growth for diameter variation while maintaining
high vertical yield
Figure 4.1(a) shows a high-resolution micrograph of NWs grown under the optimum
growth conditions discussed in chapter 3.2.3 (Tgrowth = 630 ◦C, fGa = 8.5 nm/min,
R5/3 = 2.2). The NW diameter is 160 nm at the top and tapering is pronounced at -2.5%
(linearized tapering dbot−dtopl , where dbot and dtop are the NW diameter at bottom and
top, respectively, and l is the NW length [37]). We also note that higher resolution images
show steps on the NW side facets. Diameters reported in literature for SAG are typically
larger than the diameter for NWs grown on unpatterned substrates. For SAG the re-
ported NW diameters are typically well above 60 nm for NW lengths of several µm, [41,42]
whereas for growth on native oxide diameters down to 30 nm have been reported. [37,90]
Furthermore, most reported SAG NWs were negatively tapered. [39,42,97,98] Both the large
diameter and the tapering are a consequence of the lower V/III ratio, resulting in a large
VLS droplet. [37,104]
The different requirements for vertical growth (low V/III ratio) and thin diameters
(high V/III ratio) imply that both features cannot be achieved with a single set of growth
conditions. To overcome this difficulty, we developed a growth approach with two sets
of growth parameters for the different phases of growth: The first step provides growth
conditions necessary to achieve a high vertical yield as discussed in section 3.2.3. These
are a 90 s pre-deposition phase for Ga droplet formation, and subsequently GaAs growth
with a low V/III ratio of 2.2. This step lasts 300 s, which is long enough to establish the
stable VLS growth of NWs which reach a length of about 300 nm and have a diameter of
30 nm. In the second step the V/III ratio is increased by decreasing the Ga flux by closing
one of the two Ga cells. This approach allows the V/III ratio to be increased without in-
creasing the As flux, which would change the elongation rate (elongation varies linearly
with As flux. [37] The total growth time for these two-step samples was 30 min.
Figure 4.1(b) shows a micrograph of a sample grown with a V/III ratio of 10.8 during
the second step. This micrograph illustrates a thin and untapered morphology that has
not been shown previously for selective area grownGa-assisted GaAsNWs of this length.
Furthermore, the sample exhibits a vertical yield of 55%, which is comparable to our
optimized one-step yield, discussed in section 3.2.3. This result illustrates the efficacy of
the two-step approach, which allows for the optimal V/III ratio both for nucleation and
NWmorphology.
Figure 4.1(c) presents in more detail the diameter at the top (green diamonds) and
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Figure 4.1: (a) SEM image of NWs grown with a constant V/III flux ratio of 2.2 for 30 min.
The sample is tilted by 25◦ from the substrate normal. (b) SEM image of NWs
grown with a two-step growth approach under a second-step V/III flux ratio of
10.8, exemplifying the efficacy of the growth approach. The sample is tilted by
25◦. (c) NW diameter at top (green diamonds) and bottom (blue squares) for
different V/III flux ratios during the second growth step. Inset: NW length for
varying V/III ratio during the second step. The NW length is independent of
the V/III ratio (Ga flux) except for the highest V/III ratio, where the NWs are
significantly shorter due to the termination of the VLS growth. Adapted from
Küpers et al. [46].
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Figure 4.2: Diameter at the bottom (full symbols) and top (open symbols) of the NWs for
varying Ga flux during the second growth step. The blue diamonds represent
the same data as in Figure 4.1(c) (30 min growth time) and the orange squares
represent samples grown for 88 min. The lines are guides to the eye for the bottom
diameters of the two series. The green dashed line represents the bottom diameter
at the beginning of the second step. Reprinted from Küpers et al. [46].
bottom (blue squares) of the NWs for varying V/III ratios during the second step. Both
diameters decrease monotonically with increasing V/III ratio, becoming constant at a
value of 45 nm for V/III ratios above 10.8. The inset of Figure 4.1(c) shows the NW length
for varying V/III ratio in the second step. The length is roughly constant as expected for
a constant growth time and As flux.[37,90,109] However, the NWs grown with highest V/III
flux ratio of 15.7 are significantly shorter. These NWs exhibit a small Ga droplet with a
low contact angle, indicating that the VLS growth is ceasing due to the high V/III ratio.
For the highest V/III ratios the NWs have an untapered morphology. These thin and
untapered NWs with high vertical yield will be the basis for all NW core-shell samples
in the following chapters.
4.2 Model for radial growth
4.2.1 Descripton of growth model
In this study, all two-step samples start from a similar NW base which is grown within
the first step. Thus, the diameter at the bottom of the NWs at the beginning of the second
step is the same for all samples (30 nm) and it is unaffected by the droplet dynamics
during the second step. Therefore, the variation of the bottom diameter in Figure 4.1(c)
can only be caused by direct VS growth on the side-facets. In order to understand this
phenomenon in more detail we plot the bottom diameters from Figure 4.1(c) as a function
of Ga flux in Figure 4.2, making it more convenient to analyze VS growth. Additionally,
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Figure 4.3: (a) Sketch of the NWs grown for different times, visualizing the VLS and VS
growth processes: Within the collection area, most adatoms diffuse to the droplet,
whereas below the collection area most adatoms are incorporated into the NW
sidewall. (b) Average radial growth rate at the bottom of the NW calculated by
Equation 4.1 for different times. The green line is a fit of Equation 4.5 to the data.
The black dotted line represents the nominal flux f0 from the effusion cell and
the green dashed line the effective flux feff as determined by our model. Inset:
Normalized differential radial growth rate as a function of position along the NW
after 30 min of growth (blue line) and 88 min (orange line), as calculated by Equa-
tion 4.3. Reprinted from Küpers et al. [46].
we show data for samples with a longer growth time (88 min). For both series the bottom
diameter increases linearly with increasing Ga flux (lines are guides to the eye), a clear
indication of VS growth.
Figure 4.2 also shows the top diameter for the short and long NW series (open sym-
bols), allowing the NW shape to be compared for the two growth times. Although NWs
grown with Ga flux of 1.7 /nm/min show no tapering after 30 min, the top diameter af-
ter 88 min is much smaller than the bottom diameter. In other words, the tapering of the
NW changes throughout growth and the untapered NW shape holds only for a certain
growth time. The evolution of the NW shape with time is visualized in Figure 4.3(a).
To understand the above results, we first want to concentrate on the VS radial growth
that happens at the bottom of the NWs. Focusing on the sample series grownwith a V/III
ratio of 10.8 (fGa = 17 nm/min), which leads to the smallest diameters, we calculate time-
averaged radial growth rates GRav as
GRav = (rg − r1)/(tg − t1) , (4.1)
with the NW radius at the bottom rg after growth time tg, and the NW radius at the
bottom after the first step r1 = 30 nm at t1 = 5 min. These average growth rates are
useful for considering only the growth during the second step. Figure 4.3(b) shows the
calculated growth rates for the respective growth times based on the experimental diam-
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eters in Figure 4.2. The average growth rate increases with growth time, and for 88 min
it is larger than the growth rate corresponding to the directly impinging Ga flux from the
effusion cell taking into account substrate rotation and angle between substrate normal
and effusion cell. This finding indicates that a secondary flux exists, which we attribute
to the re-evaporation of atoms from the oxide surface to the NW side-facets. [110] We ex-
clude surface adatom diffusion on the substrate as it has been shown that this effect is
not significant due to the low sticking coefficient of Ga on the thermal oxide. [44]
A central factor of VLS growth of NWs is a large diffusion length on the NW side-
facets. [36,111] Ga atoms that impinge on the NW sidefacet diffuse along the NW axis to
reach the Ga droplet where they eventually incorporate into the lattice at the liquid-solid
interface. However, this supply by diffusion takes place mostly within a diffusion length
from the droplet as indicated by the ‘collection area’ in Figure 4.3(a). For long NWs the
bottom might be too far away for Ga atoms to reach the droplet. If we neglect desorption
of Ga atoms on the NW sidewalls, which is a reasonable assumption at the growth tem-
perature of 630 ◦C, [112] all Ga atoms that do not contribute to the diffusion supply must
incorporate into the NW sidewall. For the quantitative description of the diffusion we
solve the one-dimensional diffusion Equation. [113] The adatom density is given by
n(z, t) = τinc feff
(
1− exp
(
− l(t)− z
λ
))
, (4.2)
with the surface lifetime before incorporation τinc (neglecting desorption), the total im-
pinging Ga flux feff, the time-dependent NW length l(t), the position on the NW axis z,
and the diffusion length λ. [104] We calculate the radial growth rate at a specific point z as
GR(z, t) =
n(z, t)/τinc for z ≤ l(t)0 for z > l(t) . (4.3)
This equation, using a dimensionless feff = 1 and λ = 1.2 µm (value that is obtained by
the following analysis), is plotted in the inset of Figure 4.3(b) for two different times, cor-
responding to different NW lengths. The local radial VS growth rate strongly decreases
near the droplet within a length comparable to the diffusion length, representing the col-
lection area. Consequently, the radial VS growth rate at the bottom of the NW changes
with time.
From Equation 4.3 we calculate the radially grown thickness at position z for the dura-
tion t1 to tg by integrating GR(z, t) as
rVS(z, tg) =
∫ tg
t1
GR(z, t)dt , (4.4)
and therefore the average growth rate follows as
GRav(z, tg) =
1
tg − t1
∫ tg
t1
GR(z, t)dt . (4.5)
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The model depends only on two free parameters, feff and λ. The time dependent length
is calculated from the mean NW lengths in Figure 4.1(c), by assuming a constant growth
rate, yielding GRax = 76 nm/min.
A fit of Equation 4.5 to the experimental data is shown by the green line in Figure 4.3(b).
Here, we use t1 = 5 min. An impinging flux feff of 0.52 nm/min (shown as green dashed
line) is obtained, which amounts to 150% of the nominal impinging flux f0 (black dotted
line). This value is consistent with results reported for re-evaporation of As from the
substrate and NW sidewalls [65] and re-evaporation of Ga in dense GaP NW arrays [110]
and thus, confirms the hypothesis that Ga is re-evaporated from the substrate surface.
Also the lack of growth on the oxide surface confirms that Ga desorbs from the oxide. A
diffusion length of 1.2 µm is obtained from the fit, which is a reasonable value for this
system and comparable to earlier results. [111]
Collection area - Diffusion length
In order to maintain a constant supply of Ga for the droplet and balance the high im-
pinging As flux a large collection of Ga diffusing on the sidewall to the Ga droplet is
necessary. Thereby the V/III ratio supplied by the cells can be larger than one without
consuming the Ga droplet. Based on mass balance, the volume of grown Ga needs to be
equal to the volume of Ga, directly impinging on the NW sidewall and on the droplet.
For the calculation of the collected amount of Ga we take into account diffusion of Ga
adatoms on the sidewalls to the droplet and Ga atoms impinging directly on the droplet
surface. Here, we neglect diffusion from the thermal oxide surface of the substrate as it is
negligible at the growth temperature. On the other hand we include Ga re-evaporation
from the substrate surface in the effective flux feff = 0.52 nm/min. Also we only consider
the growth of a segment from growth time t1 = 30 min to t2=88 min to exclude varying
factors during the intial phase of NW growth. We want to note that a more precise treat-
ment of the impinging flux on the droplet surface was done previously [114] but here the
collection by diffusion dominates the supply and it is sufficient to model the droplet sup-
ply in a basic way as atoms impinging on the droplet cross-section.
The collected volume depends on the impinging flux feff, the growth time tg, the tilt-
ing angle of the source in the MBE α, the NW diameter dNW (including the VS grown
amount), the droplet diameter ddrop, and finally the diffusion length λ of Ga adatoms on
the NW sidewall. We calculate
Vcollection = fefftg[pidNWλ+
pi
4
d2drop] = (8.05± 0.59) · 106nm3, (4.6)
using the experimental values α = 33.5 ◦, dNW = 65 ± 5 nm, tg = t2 − t1 = 58 min,
ddrop = 75 ± 5 nm. Here, we averaged the diameters for the growth duration of the
segment. Furthermore we used the two fitting parameters from our radial growthmodel,
feff = 0.52 nm/min and λ = 1200 nm.
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Figure 4.4: (a) NW diameter as a function of position along the NW axis for NWs grown
for 5, 30 and 88 min. The full green circles show the top diameter for the three
different times corresponding to different lengths. The dashed green line is a
fit by Equation 4.8 describing droplet dynamics. [104] The open orange triangles
and squares represent the diameter at different points of three long NWs. The
diameter as calculated by Equation 4.9 is shown as the orange line. The dotted
blue line shows the calculated values for the short NWs and is in agreement with
the experimental value at the NW bottom shown as open blue diamond. The
calculated shapes of the long and short NWs are shown schematically in (b) and
(c), respectively. The green parts result from VLS growth, the orange and blue
parts from VS growth. Reprinted from Küpers et al. [46].
The grown volume depends only on the grown length lNW, corresponding to the axial
growth rate, and the NW diameter dNW at the top during growth, which was averaged
from the experimental NW top diameters, and we can calculate
Vgrown = lNW
pi
4
d2NW,top = (8.64± 1.40) · 106 nm3, (4.7)
using the values l = 4400± 400 nm, dNW,top = 50± 3 nm. The two volumes calculated
from fit values (Equation 4.6) and experimental data (Equation 4.7) agree within the er-
ror, meaning that the grown volume is equal to the collected volume of Ga atoms. This
result shows that the fit factors we gained from our model for the radial VS growth are
consistent with values necessary for axial growth.
4.2.2 Evaluating the nanowire shape
So far, we have established a model for the radial VS growth and have used it to explain
the diameter widening observed at the bottom of the NWs. For a full description of the
shape of a NW, both droplet dynamics (VLS) and radial growth (VS) need to be accounted
for over the entire NW length. Tersoff has built a model for the self-assisted VLS NW
34
4.2 Model for radial growth
growth based on rate equations in order to explain the tapering due to the dynamics of
the droplet. [104] According to that model, VLS growth can be stable for a large range of
V/III ratios. The V/III ratio in combination with a natural length scale — the diffusion
length λ—and a geometrical factor— the ratio of droplet height andNW radius η = h/r
—determine the dynamics of the NWdiameter. However, in this model radial VS growth
is neglected.
The model by Tersoff describing the radius of forming VLS NWs rVLS over their length
z is described by the equation:
drVLS
dz
=
2ΩL
Ωx
η(3+ η2)
[
1
R5/3, eff.
(
1+
λ
(1+ η2)rVLS
)
− 1
]
, (4.8)
withΩL the atomic volume of liquid Ga, Ωx the volume per two-atom unit of the crystal,
and R5/3, eff. the effective V/III flux ratio.
As a starting point for the full description of the NW shape, we consider the evolution
of the top diameter with growth time. The top diameter is not affected by radial VS
growth, and thus, these values are described well by Tersoff’s model. The green circles
in Figure 4.4(a) show the top diameter of the three samples grown for different times
with the same growth conditions, plotted as a function of length. The dashed green
line represents a fit of the solution of Equation 4.8 to the experimental data. The free fit
parameters are a droplet shape factor η of 3.35 and an effective V/III ratio R5/3, eff. of 5
(ΩL/Ωx ≈ 0.42 for GaAs). The diffusion length was set to 1.2 µm as determined above.
The orange triangles and squares in Figure 4.4(a) represent the diameter along the axis
of three 7 µm long NWs as measured by SEM after 88 min of growth. In striking contrast
to the evolution of the top diameter, these long NWs exhibit a positively tapered shape,
resulting from the radial VS growth. In order to describe the former dependence, we
amended Tersoff’s model to include direct radial VS growth. We simply add the contri-
butions for VLS growth (solution of Equation 4.8) and VS growth (Equation 4.4) because
radial growth due to droplet dynamics and VS growth are independent of each other:
rtot(z) = rVLS + rVS . (4.9)
The result of this equation — using the fit parameters from the evaluation of the top di-
ameters for the VLS contribution (fit to Equation 4.8) and from the fit of the VS model to
the average radial VS growth rates at the bottom (fit to Equation 4.5) — is shown as the
orange line in Figure 4.4(a). This model describes the diameter of the long NW along its
entire length well. At the bottom a rather flat part is present in both the model and the
experimental data. Here, the droplet dynamics lead to strong negative tapering, as seen
in the green curve. This effect is compensated by the VS growth, yielding a flat bottom
part. The upper part of the NW exhibits a positive tapering as it is dominated by VS
growth. The amount of NW material resulting from axial VLS and radial VS growth is
indicated by the green and orange areas, respectively. A visualization of the calculated
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Figure 4.5: NW diameter as a function of NW length for the series of NW samples with
R5/3 = 5.4. The circles are experimental values of the top diameter of samples
grown for different times. The line represents theoretical values calculated by the
solution to Equation 4.8 using R5/3, eff. = 2.4. Inset: Effective V/III ratio R5/3, eff.
as a function of experimental V/III ratio R5/3. The dashed line is a fit of Equa-
tion 4.11 to the data.
NW shape with the parts due to VLS and VS growth is shown in Figure 4.4(b). We em-
phasize the strong agreement between the experimental data and our model. The model
curves are not fits to the data, but are calculations using the fit parameters gained from
the analysis of the VS growth at the NW bottom by Equation 4.5. The excellent agreement
between experimental data and model seen in Figure 4.4(a) demonstrates the validity of
our model.
We use our comprehensive model to describe the shape of the short NWs, which is
shown as the blue line in Figure 4.4(a). In agreement with our experimental results, the
shape is essentially untapered. Our model reveals that the untapered morphology as
shown in Figure 4.4(c) is a consequence of the droplet dynamics and the VS growth com-
pensating each other. Thus, by balancing droplet dynamics and VS growth, straight NWs
can be achieved.
4.2.3 Predictive modelling of the nanowire shape
So far, we have shown that our model successfully describes the experimental data.
Based on these results, we want to use it to explore a larger range of the parameter space
and predict the outcome of future growth experiments. In principle, the model only de-
pends on the V/III ratio, which governs the axial and radial growth. However, to vary
the V/III ratio in the complete model represented by Equation 4.9, we need to correlate
the effective V/III ratio from Tersoff’s model R5/3, eff. in Equation 4.8 with the experimen-
tal value for the V/III ratio R5/3. In the previous analysis, we obtained R5/3, eff. = 5 by
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fitting the model to the experimental data corresponding to R5/3 = 10.8 (cf. Figure 4.4).
For the time series grown with R5/3 = 5.4 (Ga flux of 3.4 nm/min in Figure 4.2), we
use the same procedure to obtain a value for R5/3, eff.. The circles in Figure 4.5 show the
NW top diameter as function of length. The blue line shows a fit of Equation 4.8 to the
experimental data, using λ=1200 nm and η=3.35 as before, yielding R5/3, eff. = 2.4.
The inset in Figure 4.5 shows the effective V/III ratio R5/3, eff. as a function of experi-
mental V/III ratio R5/3. The effective V/III ratio is calculated as
R5/3, eff. =
k5Fn5
k3Fn3 −Φevap
, (4.10)
with sticking factor k5 and k3 for As and Ga, respectively, the nominal As and Ga fluxes
Fn5 and F
n
3 , respectively, and a flux of Ga atoms desorbing from the droplet Φevap.
[104] The
desorption rate for bulk Ga at 630 ◦C is low and we expect an increase due to the Kelvin
effect only for smaller droplets. [115] Therefore, we assume that Φevap is negligible and we
obtain
R5/3, eff. =
k5Fn5
k3Fn3
=
k5
k3
R5/3 . (4.11)
The dashed line in the inset of Figure 4.5 shows a fit of Equation 4.11 to the two data
points, yielding k5/k3 = 0.459 ± 0.007. This value suggests that sticking of Ga atoms
is twice as high as for As. Possibly, only one As atom per As2 dimer is absorbed into
the droplet or the value just relates to the re-evaporation rate of dissolved As from the
droplet. However, this result is only based on two data points.
In our two-step growth scheme, R5/3 is varied by adjusting the Ga flux. As the VS
growth rate in Equation 4.2 is proportional to the Ga flux, it must also change according
to the V/III ratio in the complete model, yielding
feff =
10.8
R5/3
· 0.52 nm/min = 2.58
R5/3, eff.
nm/min. (4.12)
This dependence is only valid for the exact As flux that was used in our study. With
equations 4.9, 4.11 and 4.12 we can calculate the NW shape d(z, t,R5/3) that depends
only on time and V/III ratio, besides constant parameters such as diffusion length and
droplet shape factor. For a meaningful visualization we reduce the complete NW shape
to the linearized tapering value Γ:
Γ(R5/3, tgrowth) =
r(zbottom,R5/3, tgrowth)− r(ztop,R5/3, tgrowth)
l
(4.13)
Figure 4.6 shows Γ calculated by Equation 4.13 as a function of V/III ratio and growth
time. Negative tapering is marked in red, positive tapering in blue. The corresponding
shapes are visualized by schematic NWs in the respective areas. The tapering due to
droplet dynamics is strongest for small V/III ratios, leading to negative tapering, in par-
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Figure 4.6: Tapering as function of V/III ratio and growth time for a diffusion length of
1.2 µm. The white area displays an untapered morphology. The two sketches
exemplify the NW shapes in regions of negative (red) and positive (blue) taper-
ing. The two lines correspond to the data series shown in Figure 4.7(a).
ticular for short growth times when VS growth is negligible due to the small NW length.
However, after the droplet has reached a constant size and the NW has gained in length,
the VS growth always dominates, leading to positive tapering. This result is in agree-
ment with the common understanding of tapering due to droplet dynamics [37,116] and
extends it by integrating VS growth. Interestingly, in the map we observe strong positive
tapering for low V/III ratios and long growth times. Here, the radial VS growth is com-
parably large, particularly at the bottom. For long growth times, the droplet approaches
a constant size, which in combination leads to the strong positive tapering. This result is
in contrast to what has been predicted when the VS growth is neglected.
To validate our results we compare the calculated values with the experimental values
from two series. Figure 4.7(a) shows the experimental data for tapering as a function
of V/III ratio for growth times of 30 (blue circles) and 88 min (orange circles). The val-
ues are calculated from the diameters reported in Figure 4.2. The dashed lines represent
values calculated using our model (indicated by dotted lines in Figure 4.6). For 88 min
growth time, the calculated values are in good agreement with the experimental values.
For 30 min growth time the calculated values deviate from the experimental values, in
particular for low V/III ratios. Here, the calculated values are lower than the experi-
mental values. By comparing the experimental shape of these NWs with the calculated
shape (not shown here), we see that the experimental bottom diameter is larger than the
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Figure 4.7: (a) Tapering as a function of V/III ratio for growth times of 30 min (blue) and
88 min (orange). The circles are values calculated from experimental data in Fig-
ure 4.2 and the dashed lines are calculated data taken from the map in Figure 4.6
as indicated by the dashed lines. (b) Unique combinations of diameter and length
for untapered NW morphologies corresponding to the white region in Figure 4.6.
calculated value, leading to the discrepancy in tapering. Also the calculated value for the
sample with V/III ratio of 15.8 is larger than the experimental value.
At the bottom of the NW, the tapering of the VLS grown part of the NW is very large,
in particular for low V/III ratio, as the droplet increases rapidly in size during the initial
stage of growth (cf. bottom part in Figure 4.5). This large tapering implies that many
atomic steps exist on the NW sidefacets following the curvature. For a tapering value of
2% the average terrace width for a monolayer step would be 39 nm on the (11¯0) facet.
These steps might act as preferential incorporation sites for Ga atoms into the lattice,
resulting in a larger diameter at the bottom of the NW. Such tapering-dependent effects
are not taken into account by our model. On the other hand, for very high V/III ratios
the VLS growth is beginning to cease, leading to a smaller droplet size and NW diameter
than expected from the model, explaining the observed deviation. This behaviour is not
taken into account by Tersoff’s model. However, even though deviations between model
and experiment exist, the general behaviour is described well.
The white area in Figure 4.6 indicates the parameter sets resulting in untapered NWs.
This stripe separates the negatively and positively tapered regions. Figure 4.7(b) shows
the corresponding calculated diameter and length of these untapered NWs. Here, short
growth times correspond to short NWs. The Figure shows that for every length only a
unique diameter exist for which an untapered NW can be realized. This result is a conse-
quence from our model which shows that tapering is length-dependent. Even if an equi-
librium droplet size has been achieved quickly, the time-dependence of the VS growth
might change the bottom diameter non-linearly over time. This result is in contrast to the
self-equilibration theories proposed previously[104,111,117] and it poses a major difficulty
for the realization of NW ensembles of arbitrary length and diameter. The dominant pa-
rameter in our model is the surface diffusion length of Ga. Therefore, by changing the
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growth temperature during the second step one might obtain different values, shifting
the curve in Figure 4.7(b) horizontally. However, by changing the growth temperature,
also other properties of the complex growth system might change, such as the evapora-
tion of As from the droplet.
4.3 Role of surface diffusion for the doping of nanowires
For the realization of functional electronic devices it is necessary to dope the semiconduc-
tor material with foreign atoms, to obtain p and n-type material with controlled charge
carrier densities. Therefore, understanding the doping mechanisms is of highest interest
in growth studies. For planar layers, it is typically assumed that dopant atoms do not
desorb from the surface and are incorporated entirely into the lattice. In the case of NWs,
the distinction of the incorporation path of dopant atoms is not trivial. The dopant atoms
impinge on the droplet as well as on the NW sidewalls, hence they could be incorporated
via the droplet or directly into the sidewall. Therefore, many studies focused on the in-
corporation path and the consequences for the dopant densities and electrical properties
in NWs. [118–125] This path is particularly important when using Si as dopant which can
incorporate on both lattice sites leading to either p or n-type material. This amphoteric
behaviour depends on the growth conditions and NW shells are typically n-type, [122]
whereas for VLS grown cores strong self-compensation has been observed. [120,126]
In the previous sections, we have shown that a substantial part of the NW volume is
grown by direct radial VS growth. Dopant atoms impinging on the NW sidewall might
incorporate into this VS grown shell as it was suggested previously. [120] We have shown
that the VS growth on the sidewall depends on the adatom diffusion length of Ga λGa.
Similarly, the incorporation of dopant atoms must depend on their respective adatom
diffusion length λdopant. To our knowledge, adatom diffusion of dopants was not in-
vestigated for planar layers as it is difficult to assess. However, for NWs we can discuss
three extreme cases by only taking into account the diffusion length of Ga and the dopant
species, respectively:
(i) λdopant ≫ λGa: The dopant atoms diffuse more readily to the droplet than the Ga
atoms and only get incorporated through the droplet. The dopant density in the
VLS grown part will be higher than the nominal value, obtained from planar refer-
ence layers, as the ratio of dopant atoms to Ga atoms is larger than in the nominal
case. Consequently, the VS grown shell will be virtually undoped.
(ii) λdopant ≈ λGa: The dopant atoms and Ga atoms diffuse to the droplet in a similar
way. The dopant density will have the nominal value in the VLS and VS grown
part as dopant atoms and Ga atoms are distributed homogeneously over the entire
NW structure.
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(iii) λdopant ≪ λGa: The dopant atoms do not diffuse along the NW sidewall and in-
corporate where they impinge. In this case, the VLS grown part is only doped by
dopant atoms impinging directly on the droplet surface. There, the dopant den-
sity would be proportional to the Ga/As ratio as the As flux determines the axial
growth rate but the nominal dopant density is typically calibrated to the Ga flux.
The dopant density in the VS grown part is determined by the radial GaAs growth
rate which changes over time as we have shown in the previous sections. Conse-
quently, the dopant density would show a gradient in the VS grown part.
In the first two cases, it is trivial to calculate the expected dopant densities that could
be verified by experiment. In the third case the density profile is more complex in the
VS grown shell and we calculate it using our growth model. For simplicity, we exclude
diffusion of dopant atoms completely (λdopant = 0 µm). The dopant density in the VS
grown part is determined by the GaAs growth rate on the sidewall. From Equation 4.3
and 4.4 we calculate the VS growth rate and the thickness of the grown shell as a function
of time:
GRVS(z, t) = feff
[
1− exp
(
z− GRaxt
λGa
)]
d(z, t) = feff
[
t+
λGa
GRax
exp
(
z− GRaxt
λGa
)
− λGa
GRax
exp
(
z
λGa
)]
.
(4.14)
Assuming that the dopant atoms neither diffuse on the surface nor inside the lattice we
calculate the dopant density ρ from GRVS as
ρ(z, t) = ρnom
feff
GRVS(z, t)
, (4.15)
where ρnom is the nominal dopant density from planar growth calibration. Here, for
simplicity, we assume that the re-desorption of Ga and dopant atoms from the mask
surface is equivalent. Figure 4.8 shows the dopant density distribution as a function of
radius and position along the NW axis for ρnom = 1019 cm−3, tg = 40 min, and R5/3 = 5.
Similar to the representation in Figure 4.4(a) the viewgraph shows the radial distribution
of dopant atoms along its axis for a 3 µm long NW. The grey area represents the VLS-
grown core with a constant dopant distribution scaled by the Ga/As ratio as discussed
before, yielding a dopant density of ρVLS = ρnom/R5/3 = 2 · 1018cm−3. The colored area
represents the dopant density in the VS grown shell. The green area at the outer part of
the VS shell shows a dopant density similar to the nominal value. Here, the radial GaAs
growth rate has reached its maximum value. In contrast, at the interface to the VLS core,
the dopant density increases to values more than an order of magnitude higher than the
nominal density.
The Inset of Figure 4.8 shows the calculated dopant density as a function of VS grown
thickness at a fixed position along the NW axis, for ρnom = 1019 cm−3 and varying Ga
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Figure 4.8: Map of calculated dopant density in the VLS and VS grown part of the NW. The
grey area shows the VLS core with ρ = 2 · 1018cm−3. The black line shows the
calculated total NW radius, where the deviation from the colored area is due to
the rasterization of the 2D data by the graphics software. Inset: Double logarith-
mic plot of dopant density calculated by Equation 4.15 as a function of VS grown
thickness for different diffusion lengths indicated in the diagram. The dashed line
indicates a ρ ∝ 1/
√
d dependence. The nominal dopant density is 1019cm−3 for
all calculations.
diffusion length. Here, the left side of the plot shows the interface to the VLS grown part.
The double-logarithmic plot emphasizes the rapid decrease in dopant density within the
first grown nanometers, corresponding to few monolayers as for the (11¯0) sidefacets a
monolayer of GaAs has a thickness of a100/(2
√
2) = 1.998Å. Within this part, the dopant
density decreases as ρ ∝ 1/
√
d, as indicated by the dashed line. For the outer part of
the shell (larger grown thickness) the dopant density reaches the nominal value, as the
VS growth rate has reached its maximum value. For a larger Ga diffusion length, the
dopant density is higher and the enriched area extends to larger thicknesses. In the case
of λGa = 2500 nm for example, even for a VS grown thickness of 10 nm the dopant
density shows about twice the nominal value. This highly doped but thin region might
act similar to what is known as delta-doping, where the dopant atoms are nominally
confined within one ML. [127] Therefore, the high dopant density at the interface might
lead to band bending due to the different dopant density in the core and Fermi-level
pinning at the surface.
Based on this understanding of the theoretical dopant density profiles, we could poten-
tially derive information about the adatom diffusion of dopant atoms from experimental
data of the dopant distribution in a NW. A promising experimental technique is atom
probe tomography (APT). [119] Here, the elemental 3D distribution in a NW segment can
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be measured with high sensitivity. Samples grown under supply of different dopant
species might show variations if the respective adatom diffusion length of the species
is different. Our MBE system would offer Si and Be but more species are widely used,
such as Sn, Te, C, and Zn. So far, APT has been used to study dopant profiles of Si NWs
but also of GaAs NWs with varying results. It was shown that surface doping layers ex-
ist [118,123,128], but also homogeneous radial profiles have been observed [125]. The different
observations are possibly related to differences in growth conditions, resulting in varying
diffusion length and VS growth rate. Also the growth method and investigated material
may have crucial impact. Therefore, for the investigation of different dopant species an
experiment is necessary with samples grown under comparable conditions.
However, recently it was suggested that enhanced incorporation of dopant atoms at
truncated facets at the droplet NW interface might lead to inhomogeneous dopant pro-
files [123,129]. Furthermore, during growth, diffusion of the dopant atoms into areas with
lower dopant concentration might take place, [130,131] effectively reducing the peak of the
density distribution. These effects might lead to difficulties for the interpretation of the
data.
4.4 Conclusion
Our novel two-step growth approach enables simultaneous optimization of vertical yield
and NW morphology. We show that increasing the V/III ratio during the second step
leads to a clear reduction of the NW diameter, and the realization of untapered NWs
with diameters of 45 nm at a length of 2.5 µm. This achievement serves as the ideal basis
for the growth of strained shells on such thin cores and thus will be the basis for the
growth experiments in the next chapters.
Despite the high growth temperature of 630 ◦C, radial VS growth is significant and
leads to an increase in diameter during growth. On the basis of these findings we de-
veloped a comprehensive growth model that takes into account both factors influencing
the NW diameter: droplet dynamics and radial VS growth. This model successfully de-
scribes the evolution of the NWmorphology throughout the growth. An untapered NW
shape requires a balance between droplet dynamics and radial VS growth, which can be
achieved for given growth conditions only for a certain growth time and hence length.
Very importantly, even in untapered NWs a large part of the NW volume can result from
radial VS growth. This understanding of the factors that determine the NW shape now
enabled its prediction over a large parameter range which will help in the precise engi-
neering of different NW shapes, that are necessary for the realization of complex device
structures.
This study used SAG in order to have a better control over NW growth. Our study
is the first experimental confirmation of the shape of self-assisted GaAs NWs described
by a theoretical model that describes the atomic processes on the NW sidefacet. At the
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same time our comprehensive model is based on a consideration of the incorporation
pathways and is therefore not restricted to SAG of NWs. As droplet dynamics and radial
VS growth are fundamental processes for VLS NW growth, the basic ideas of our model
can also be applied to other material systems. Furthermore, as the mechanisms discussed
here are not limited to MBE, we think our insights should also apply to other growth
methods like metal-organic vapour-phase epitaxy (MOVPE), where additional processes
like the dissociation of pre-cursor molecules also play a role and need to be accounted
for. [106,107,132]
Finally, we showed that depending on the respective adatom diffusion lengths of Ga
atoms and dopant atoms, different dopant profiles may result in a GaAs NW. For the case
of negligible surface diffusion of dopant atoms we showed that the length-dependent VS
growth rate should have an impact on the dopant distribution in the VS grown shell.
Here, a layer with an enhanced dopant density forms at the interface between VLS and
VS grown parts. The layer of increased dopant density is only few nanometers wide but
amounts to values that are more than an order of magnitude higher than the nominal
dopant density. If compared to future experimental data of the dopant distribution in a
NW, these results may give valuable insight into the adatom diffusion of dopant atoms,
a fundamental property that has not been studied for planar layers as it is difficult to
assess.
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on GaAs nanowires by molecular beam
epitaxy
A key feature of nanostructures is their high surface to volume ratio. For NWs in par-
ticular, this feature can be exploited by fabricating devices in a core-shell structure to
obtain a large effective area. [133,134] Furthermore, in such structures the strain is divided
between the core and shell, thus enabling the combination of materials with high lat-
tice mismatch. [135–138] In recent years, various core-shell structures have been realized,
such as Si/Si:B, [133] InAs/GaSb, [139] C/Si [140] and GaAs/(Al,Ga)As, [15,141,142] all target-
ing different applications. An (In,Ga)As shell in a GaAs/(In,Ga)As/GaAs core-multishell
structure is a model candidate for an optically active shell quantum well (QW) for light
emission in the near-infrared. The strain in an (In,Ga)As QW increases with the In con-
tent as shown in Figure 5.1, thus, strain relaxation by formation of plastic dislocations
takes place at high In contents for planar layers. The strain partitioning between core
and shell is expected to enable the realization of coherent (In,Ga)As shells with higher
In contents compared to planar layers. Thus, the emission energies can be extended
into the telecommunication range as shown in Figure 5.1. Therefore, (In,Ga)As shells
have attracted interest in recent years and have been synthesized by MBE [17,18,143] and
MOVPE [16,19] and on InP NWs by MOVPE. [144,145] Recently, it was shown that (In,Ga)As
shells can be grown pseudomorphically with In contents of up to 50%. [20]
For the growth of such three-dimensional structures with directional deposition tech-
niques such as MBE, the directionality of the material fluxes needs to be taken into ac-
count. To avoid shadowing of the molecular beams by neighbouring NWs, we use NW
cores grown in arrays with controlled separation as described in chapters 3 and 4. Due to
the flux directionality, different materials are impinging on the NW sidewalls at different
times, resulting in an inherent flux sequence. As we will show, this sequence governs the
growth dynamics. This effect has been mostly neglected until now. [148]
In section 5.1, we introduce the growth of semiconductor shells by MBE in general
and present our growth procedure. We discuss the microstructure of NW core-shell het-
erostructures and show that our samples show very symmetric cross-sectional shapes.
In section 5.2, we explore the impact of growth conditions on the luminescence prop-
erties of the (In,Ga)As shell. Optimum values for achieving high PL intensities comprise
a relatively low growth temperature, a high V/III ratio and a combined Ga and In flux
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Figure 5.1: Band-gap energy at 2 K[146] (blue line) and 300 K[147] (green line) of relaxed
(In,Ga)As and strain with respect to a rigid GaAs substrate as a function of In
content for (In,Ga)As (red line). The strain is calculated as  = (a(In,Ga)As −
aGaAs)/aGaAs with lattice parameters a(In,Ga)As and aGaAs for (In,Ga)As and GaAs,
respectively. [146]
that results in the growth of a monolayer per revolution. CL linescans indicate that for
increasing growth temperatures the luminescence is distributed inhomogeneously along
the NW length.
In section 5.3, we show that the relative direction of the As and the group III fluxes
has crucial impact on the material quality of (In,Ga)As shells. We grow shells using two
different As cells, which results in different sequences of fluxes impinging on the same
sidewall at the same time. The luminescence intensity of these samples differs by more
than two orders of magnitude. No extended defects are indicated by transmission elec-
tron micrographs, suggesting that point defects are responsible for the low luminescence
intensity. We show that for the case leading to high luminescence intensity, the flux se-
quence resembles migration enhanced epitaxy (MEE), which has been used widely to
achieve layers with highest material qualities even at low growth temperatures. As a
consequence of this effect, the growth rate and rotation speed have distinct impacts on
the growth dynamics.
5.1 NW core-shell structures
5.1.1 Growth of NW core-shell structures
The axial growth of NWs relies on a high diffusion length of atoms on the NW side-
walls. [36,111] In chapter 4, we have shown that substantial VS growth happens also on the
sidewall, resulting in non-uniform shells. Therefore, two main conditions need to be full-
filled for the conformal growth of NW shells. First, the preferential axial growth needs
to be stopped by crystallizing the liquid droplet. [122] Otherwise, we have seen that even
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Figure 5.2: (a) SEM image of an ensemble of core-shell NW heterostructures. The image is
taken under an angle of 15◦ from the substrate normal. (b) Cross-sectional struc-
ture of the core-shell NW heterostructure discussed in this chapter: A 50 nm thick
core, a 10 nm thick (In,Ga)As shell, and a 30 nm GaAs cap. (c) Dark-field trans-
mission electron micrograph in cross-section of a sample with a 130 nm thick core
and the same shell structure as in (b). TEM measurement performed by Achim
Trampert.
for shell growth of materials with low diffusion length, axial segments may form. This is
in contrast to earlier reports of (Al,Ga)As shells grown at high temperature without con-
suming the Ga droplet. [56] Second, the adatom diffusion length on the sidewalls needs
to be decreased to grow conformal shells around the NW core which can be achieved by
decreasing the substrate temperature and increasing the As flux. [149]
Figure 5.2(a) shows a micrograph of a NW core-shell sample, typical of the samples
investigated in this chapter. All samples were grown on pre-patterned substrates as de-
scribed in chapters 3 and 4. Here, we focus our analysis on NW ensembles grown in
arrays with a separation of 1 µm to avoid shadowing effects by neighbouring NWs while
having a high enough density of NWs to facilitate PL investigations of NW ensembles.
The GaAs NW core has a length of around 2.5 µm and a diameter of 50 nm. After growth
of the core, the liquid Ga droplet is crystallized under exposure to a high As flux at 630 ◦C
for 10 min. The As flux is selected such that it is later used for the growth of the shells
(typically fAs = 200 nm/min). This crystallization procedure leads to the formation of
flat top facets [122,150]. We note that crystallization at temperatures around 400 ◦C resulted
in the formation of long spike-shaped structures at the top of the NW instead of flat top
facets. Therefore, only after the droplet is crystallized, the temperature is decreased to
the shell growth temperature under continuous As exposure. The (In,Ga)As and GaAs
shells are grown at a constant substrate temperature which is measured by the pyrometer
just before initiating shell growth. To finish shell growth, all material sources are closed
and the substrate temperature is decreased to 100 ◦C at a rate of 1 ◦C/s.
5.1.2 Microstructure of core-shell structures
Figure 5.2(b) shows a schematic diagram of the cross-section of a core-shell NW het-
erostructure. The hexagonal GaAs core and the GaAs outer shell are drawn in blue, the
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(In,Ga)As shell is drawn in red. All samples discussed in this thesis have a nominally
10 nm thick (In,Ga)As shell with an In content of 15%. Figure 5.2(c) shows a cross-
sectional transmission electron micrograph of a sample which contains the same shell
structure that we discussed before, but the core has a diameter of 130 nm. The image is
acquired under dark-field conditions, which means that electrons that are diffracted by
the specimen are detected out of the optical axis. This method is sensitive to the atomic
mass of the species as the atomic number determines the scattering cross-section. As
In (Z=49) has a higher atomic number than Ga (Z=31), the bright area in the micrograph
corresponds to the (In,Ga)As shell. The micrograph demonstrates the hexagonal shape of
the NW core which is adopted by the shells with its {11¯0} sidefacets. The shape appears
to be symmetric on all facets. This result is in contrast to previous investigations of NWs
grown on unpatterned substrates, showing asymmetric structures and inhomogeneous
shell thickness due to shadowing effects of neighbouring NWs [151]. This result shows the
efficacy of using SAG for avoiding such shadowing effects.
The In0.15Ga0.85As shell exhibits lower contrast stripes at the six edges, indicating a
lower In content. For NWs in general, the small diameter and three-dimensional struc-
ture emphasize the importance of the edges connecting the (11¯0) sidefacets. Similar to
what has been observed in overgrownmesa-structures, [152,153] the incorporation of atoms
at such edges can differ significantly from the planar layer. Here, the exchange of atoms
by diffusion from one facet to the edge or vice versa leads to enrichment of the species
with lower diffusion length on the forming edge facet. In the case of NW shells, such
enriched edges extending in 〈112¯〉 directions have been observed for (Al,Ga)As [154,155]
and (Al,In)P. [156] In the case of (Al,Ga)As shells, clusters incorporated into these Al-rich
edges have been proposed to lead to capture of charge carriers and strong optical emis-
sion. [154,157] Other results suggested that segregation layers on the (110) sidefacets are
the origin for such emission from localized states. [158] Recently, these shell QDs have at-
tracted much attention as potential single-photon emitters. [159,160] Such clusters might
also form in (In,Ga)As shells, leading to emission from localized states.
5.2 Impact of growth parameters on luminescence properties of
(In,Ga)As shells
The crystalline structure of real materials is disturbed to some extent by defects which
can be point defects or line defects. [32] Line defects such as dislocations always have
detrimental effects for devices. Point defects can be either native, such as vacancies,
interstitials and antisites, [161] or extrinsic impurities such as dopants. [162] Such defects
introduce distinct electronic states into the system, usually at energies within the band
gap. These states give rise to specific optical emission energies or enhanced nonradiative
recombination due to the Shockley-Read-Hall mechanism [163] particularly in the case of
so-called deep states. Thus, luminescence experiments are a sensitive tool to analyze the
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material quality concerning defects. Additionally the luminescence properties of QWs is
affected by their structure. Important parameters are fluctuations in thickness[164,165] and
alloy clustering[166] as well as inhomogeneous alloy composition profiles due to surface
segregation during growth.[167] These structural properties as well as the incorporation
of defects[168,169] depend crucially on the chosen growth parameters. In MBE the growth
conditions can be controlled with high precision, enabling the exploration of optimized
growth parameters for achieving materials of highest quality.
In this part, different sample series are discussed that were synthesized using either
one of the two As cells installed at our MBE setup, called AsV1 and AsV2. In the ex-
ploration of the optimum growth parameters we focus on samples grown using AsV2
as these show significantly higher luminescence intensities. The role of the As sources
is discussed in detail in the next section. However, for completeness we also show data
of samples grown with AsV1. We note that the successful growth of (In,Ga)As shells
has been shown previously including a discussion of the impact of the growth tempera-
ture, [17] but here we will discuss the impact of all growth conditions in more detail.
5.2.1 Growth temperature
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Figure 5.3: (a) PL spectra taken at 10 K and with excitation power Pexc=700 μW on samples
with (In,Ga)As shells grown at different substrate temperatures using AsV2. Ex-
tracted values for (b) peak energy, (c) integrated intensity normalized to the value
at 440 ◦C for both series, and (d) FWHM as function of growth temperature. Data
points are shown for samples grown using AsV1 (green diamonds) and AsV2
(blue circles).
Figure 5.3(a) shows PL spectra taken at 10 K on samples with In0.15Ga0.85As shells
grown using AsV2 for different substrate temperatures as measured by the pyrometer.
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The other growth parameters were maintained at fGa = 6.8 nm/min, fIn = 1.3 nm/min,
and R5/3 = 22. All samples show main peaks at energies corresponding to luminescence
from the In0.15Ga0.85As shell and no luminescence is detected that might correspond to
the GaAs core. However, for the samples with growth temperatures of 380 ◦C and 400 ◦C,
a shoulder at energies higher than the main luminescence peak is detected. Figure 5.3(b)
shows the peak energy for samples grown using both As sources. In both cases, the
emission energy increases with increasing growth temperature, resulting in a blue-shift
of 30 meV from 380 ◦C to 460 ◦C (for AsV2). This blue-shift might be related to sur-
face segregation of In atoms on the growth front during shell growth. Instead of being
incorporated, the In atoms remain on the growing surface leading to diffuse interfaces.
It has been shown that this effect is temperature dependent, inducing a blue-shift with
increasing temperature. [167] Figure 5.3(c) shows the normalized intensity as function of
temperature. For both sample series, the intensity increases with increasing growth tem-
perature. Figure 5.3(d) presents the FWHM of the PL spectra showing an optimum at
440 ◦C. The PL intensity of NW samples depends critically on the precise NW sizes (sam-
ple volume) and vertical yield, which might fluctuate slightly among samples. Therefore,
we expect a significant error in the intensity values and we choose a growth temperature
of 440 ◦C for most following experiments as this temperature results in high intensity
and the best linewidth.
Homogeneity along the NW axis
Figure 5.4 shows cathodoluminescence (CL) spectroscopy line-scans along the axis of sin-
gle NWs. The samples were grown at three different temperatures and for each sample,
measurements of two NWs are presented. With this technique charge carriers are locally
excited in the NWand the luminescence is measured globally. Figures 5.4(a) and (b) show
scans onNWs from the sample grown at 400 ◦C. The luminescence is homogeneously dis-
tributed at the top 1 µm of the NW centred at 1.35 eV. The lower part of the NWs shows
weak luminescence at slightly higher emission energy. Figures 5.4(c) and (d) show scans
on NWs from the sample grown at 420 ◦C. In (c), the luminescence is centered at 1.34 eV
for the top 1 µm. Also luminescence at lower energies is detected at the top. In (d), the
luminescence is only intense at a localized spot at 1.5 µm height centred at 1.31 eV. Also
luminescence at low energies is detected at the upper part of the NW. Figure 5.4(e) and
(f) show scans on NWs from the sample with shell growth temperature of 440 ◦C. Here,
only a weak luminescence signal is detected at the lower 1 µm of the NWs. At the upper
part strong luminescence is detected centred at 1.37 eV. Additionally, in Figure 5.4(e), at
the top of the NW strong luminescence at 1.32 eV is detected.
In summary, the CLmeasurements show that at the bottom 1 µm of all NWs only weak
emission is detected at slightly higher emission energy compared to the rest of the NW.
Also at the top of the NW (300–500 nm below tip) only weak luminescence is detected.
The emission shift at the bottom of the NW and the low intensity at the top have been
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Figure 5.4: Cathodoluminescence scans taken at 10 K along the axis of twoNWs each of three
sample with shells grown at 400 ◦C (a,b), 420 ◦C (c,d), and 440 ◦C (e,f). The V/III
ratio was 22 and the fluxes were fIn = 440 nm/h and fGa = 78 nm/h. All line
scans are going from the bottom to the tip of the NW. The bright areas correspond
to high intensity. Measurement performed by Uwe Jahn.
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observed previously on similar samples [17]. The decrease in luminescence intensity at
the bottom might be related to the bare facet at the bottom of the NW that was broken
off from the substrate. Surface recombination might lead to rapid nonradiative recombi-
nation. In addition, typically many stacking faults are seen at the bottom and top part of
NWs. These defects are not detrimental in itself but might induce the formation of defects
during shell growth. Furthermore, for the highest growth temperature, the luminescence
is detected at smaller parts of the NWs and variations of the emission energy along the
NWs are detected. Additionally, the detected luminescence peaks seem to be narrower
for higher growth temperatures compared to lower growth temperatures. These results
indicate that for low growth temperatures the samples exhibit broad luminescence which
is homogeneously distributed along the NW. In contrast, for high growth temperature,
the samples show different sections over the NW length that have varying central en-
ergies but individually exhibit narrow luminescence peaks. In the PL of an ensemble
of NWs, the FWHM was smallest for the sample grown at 440 ◦C, which is in agree-
ment with the CL results, showing narrowest emission peaks. Also the sample grown
at 420 ◦C shows varying emission energies in CL and the largest FWHM in PL. How-
ever, the FWHM for all samples was rather broad in the PL measurements with values
of 38–48 meV. The results from the CL measurements suggest that the broad ensemble
peaks are due to broad individual peaks for samples grown at low temperatures or vary-
ing central energies over the NW for samples grown at high temperatures. However, we
want to remark that these measurements were done only on few single NWs that already
show slight variations within a single sample, and therefore it might be too few to draw
strong conclusions from these results.
5.2.2 As flux
Figure 5.5(a) shows PL spectra of samples grown using AsV2 at varying As fluxes
resulting in different V/III ratios. The other growth parameters were maintained at
Tgrowth = 440 ◦C, fGa = 6.8 nm/min, and fIn = 1.3 nm/min. All spectra show a sin-
gle peak with varying intensity and position. Figure 5.5(b) shows the extracted peak
positions from Gaussian fits to the main peaks. Values for samples grown using AsV1
are also shown, although for this series higher V/III ratios were used. However, for both
series the maximum emission energy is detected at a R5/3 = 30. Figure 5.5(c) shows inte-
grated intensities for both sample series. Here, the intensity of both series is normalized
to the value at V/III ratio of 30, which is present in both series. As seen in the spectra,
the intensity is highest for the sample with R5/3 = 22. Figure 5.5(d) shows the FWHM of
the series grown with AsV2. There is a small variation showing the smallest linewidth
at V/III of 22. Consequently, R5/3 = 22 was taken as the optimum value for highest
intensity and narrowest peak width.
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Figure 5.5: (a) PL spectra taken at 10 K and Pexc = 700 μW on samples with (In,Ga)As shells
grown at different V/III flux ratios resulting from variation of the As flux using
AsV2. The growth temperature was 440 ◦C for all samples. Extracted values for
(b) peak energy, (c) integrated intensity normalized to R5/3 = 30 for both series,
and (d) FWHM as function of V/III ratio. Data points are shown for samples
grown using AsV1 (green diamonds) and AsV2 (blue circles).
5.2.3 Ga and In flux
Figure 5.6(a) shows PL spectra taken on samples grown using AsV2 and different Ga
and In fluxes for the In0.15Ga0.85As shell. The other growth parameters were maintained
at Tgrowth = 440 ◦C and R5/3 = 22. The varying growth rate corresponds to varying
amounts of deposited material per rotation of the substrate. The values are given in
MLs on the (110) surface, taking into account the angle of the sources with respect to the
substrate and the substrate rotation. The growth duration was adjusted such that the
nominal thickness of all samples was equal. All spectra show a single peak with peak
energies shown in Figure 5.6(b). Here, only a small variation is detected compared to the
variation of the emission energy with growth temperature and V/III ratio. Figure 5.6(c)
shows the integrated intensity of the spectra, exhibiting an insignificant variation among
the different samples. Figure 5.6(d) shows the FWHM of the peaks, which decreases with
increasing growth rate and seems to be optimal for the deposition of slightly below a full
monolayer. The varying emission width implies that the In0.15Ga0.85As shells are most
homogeneous in terms of composition and roughness for the deposition of an almost
complete monolayer per cycle (cf. chapter 2.1).
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Figure 5.6: (a) PL spectra taken at 10 K and Pexc = 700 μW on samples with (In,Ga)As
shells grown at different growth rates, corresponding to different amounts of
material deposited on the NW sidewalls per substrate rotation using AsV2. A
flux of 9.5 nm/min corresponds to one (110) monolayer per rotation on the side-
wall. The growth temperature was 440 ◦C, the V/III ratio was 22 and the rotation
speed 6 rpm. Extracted values for (b) peak energy, (c) integrated intensity, and (d)
FWHM as function of deposited material per revolution.
5.2.4 Discussion of optimum growth conditions
As explained before, conformal growth of NW shells requires a low substrate tempera-
ture and a high V/III ratio. We found that a growth temperature of 440 ◦C and flux ratio
of R5/3 = 22 result in optimal luminescence properties. These results agree with opti-
mum growth conditions reported for growth on planar (110) substrates. These comprise
a lower growth temperature and higher V/III flux compared to the typical growth con-
ditions for axial NW growth and planar GaAs growth on (100) substrates (Tgrowth around
600 ◦C, V/III ratio below 10). We remind that also the six NW sidefacets of NWs grown
in the Ga-assisted mode have {11¯0} orientations. Figure 5.7 shows schematic diagrams
of low index facets of zincblende GaAs.[170] These different facets have varying densities
of atoms at the surface and different surface energies. The most typical substrate surface
is the (100) facet, which is widely used for planar growth. The (111)B direction is the
growth direction for GaAs NWs. Both of these facets show separate layers of Ga and As
atoms and directed bonds. In contrast, for the (110) surface, Ga and As atoms are located
stoichiometrically next to each other in each monolayer and no polar bonds to the next
layer exist. Consequently, it has a low surface energy and is the cleavage plane of III-V
semiconductors. [170] It was shown that this non-polar nature of the (110) surface leads to
low sticking of As, impeding the growth of high quality material. [171,172] Two different so-
lutions to this problem have been reported. First, substrates were used with a high offcut
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Figure 5.7: Ball and stick models of low index surfaces of the zincblende GaAs crystal in side-
view: (100), (111)B, and (110). The white balls correspond to Ga atoms, the black
balls to As atoms.
angle of several degrees in such a direction that Ga ledges were exposed. These ledges
accommodate As atoms leading to a higher sticking factor and the small terrace width
due to the high offcut angle suppresses island nucleation, both resulting in layers of high
quality. [173–175] The second approach showed that by decreasing the growth tempera-
ture and increasing the As flux, GaAs layers of high quality could be realized on exact
(110) surfaces. [176,177] Here, diffusion is reduced and surface roughening is minimized.
Furthermore, additional growth interruptions with annealing cycles have been shown
to improve the surface smoothness. [178] For the growth of NW shells, comparably low
growth temperatures and high V/III ratios have been reported for doped GaAs [122] and
(Al,Ga)As. [179] For (In,Ga)As shells it was shown that increasing growth temperatures
result additional emission at lower temperatures, in agreement with our results, and an
optimum growth temperature of 390 ◦Cwas concluded from an optimization of the lumi-
nescence characteristics measured by CL. [122] However, the synthesis of (In,Ga)As shells
by MBE at substrate temperatures of 500 ◦C [143] and 570 ◦C [18] has also been shown but
the resulting samples show broad luminescence peaks. In conclusion, we showed that
a growth temperature of 440 ◦C and a V/III flux ratio of 22 are necessary to obtain best
luminescence properties of (In,Ga)As shell samples.
We showed that the optimum combined flux of In and Ga was found to correspond
to slightly less than one monolayer deposited per substrate rotation. For the growth of
planar layers on (110) substrates it was shown that random nucleation of new islands is
a crucial factor in the formation of rough surfaces. [180,181] In this context, it was presented
that growth with low growth rates suppresses island nucleation, leading to smooth sur-
faces. [182] This understanding is in contrast to our results showing optimum lumines-
cence properties for higher growth rates, which might indicate that the processes during
shell growth are different from what is known for planar MBE growth.
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5.3 Role of the flux directionality in MBE
The material fluxes in MBE impinge from different directions onto the substrate. While
this characteristic has no effect on the growth dynamics for planar growth, for the growth
of three-dimensional nanostructures, like nanowires, the sidefacets are exposed to differ-
ent fluxes at different points in time. [148] This fundamental difference has been widely
ignored so far. A year before starting the work on this thesis, the growth activities in-
volving GaAs NWs at the Paul-Drude-Institut were transferred to a new MBE system.
Even though experiments involving the growth of GaAs NWs and core-shell heterostruc-
tures showed favourable results in terms of microstructure, we could not reproduce the
luminescence properties of the GaAs/(In,Ga)As core-shell structures obtained on sam-
ples grown in the previously used MBE system. [17] Only when we had the opportunity
to install a second As source in the MBE system, we could explore the crucial impact of
the flux directionality on the material quality of NW shells.
5.3.1 Growth with different As cells
Figure 5.8(a) shows PL spectra taken at 10 K on two NW core-shell samples with the
same structure as discussed before. Both samples were grown using the exact same
growth conditions, meaning the same growth procedure for the NW core template and
the same growth temperature and fluxes for the growth of the shells (optimum values
Tgrowth = 440 ◦C, fGa = 6.8 nm/min, fIn = 1.3 nm/min, R5/3 = 22). The only difference
between the two samples is the choice of As cell during shell growth. The PL spectra
taken on these samples are strikingly different: For the sample grown with AsV2, an in-
tense peak is detected at 1.37 eV. For the sample grown with AsV1, the spectrum consists
of sharp lines in the spectral range of 1.30 eV to 1.40 eV. Furthermore, the intensity at
the same excitation power is more than two orders of magnitude lower, as indicated by
the magnification factor of 200 times that was necessary to present the spectrum in the
viewgraph.
Figure 5.8 (b) shows spectra of two planar reference samples grown on n-typeGaAs(110)
substrates, containing an In0.15Ga0.85As quantumwell with the same thickness as the shell
of the NW samples. These two samples were grown using the same growth conditions as
for the NW shell growth. First, a 100 nm thick GaAs buffer was grown, then a 10 nm thick
In0.15Ga0.85As layer was grown at a growth rate of 340 nm/h, corresponding to the total
incident flux on the NW sidewall during shell growth. Finally, a GaAs cap layer of 30 nm
was grown. For all layers the substrate temperature was 440 ◦C and the V/III ratio was
20. In stark contrast to the NW samples, these spectra are very similar and show a peak at
1.34 eV with a FWHM of 20 meV and a broad peak centred at 1.50 eV. The first peak can
be attributed to the In0.15Ga0.85As QW, exhibiting a broad linewidth compared to planar
(100) QWs as attributed to higher interface roughness and alloy clustering. [183,184] The
second broader peak corresponds to luminescence from the n-type GaAs substrate. The
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Figure 5.8: PL spectra taken at 10 K and Pexc = 66 µW on NW and planar structures grown
with different cell configurations: (a) PL spectra taken on NW core-shell struc-
tures grown using the As sources AsV1 (green curve) and AsV2 (blue curve),
respectively. The spectrum of the sample grown with the AsV1 is increased by
a factor of 200. (b) PL spectra taken on planar (110) QW samples with a struc-
ture comparable to the shells of the NW samples. Also these samples were grown
using AsV1 (green curve) and AsV2 (blue curve), respectively.
similarity of the two samples rules out a possible contamination of one of the As sources
and indicates that the difference of the NW samples is inherent to shell growth.
Figure 5.9(a) shows a transmission electronmicrograph of a single core-shell NWgrown
with AsV1. The image is acquired under dark-field conditions using the cubic (220)
diffraction spot. The left side corresponds to the bottom part of the NW and on the right
side the faceted top is visible. At the bottom of the NW, axial contrast features with high
frequency are detected. These features are attributed to the presence of stacking faults
and thin slabs of different crystal phases. In contrast, the upper part of the NW does not
show clear axial contrast. Only the top of the NW shows deviations from a single crystal
phase (like the bottom) due to the droplet consumption procedure. 5.9(b)–(d) show selec-
tive area electron diffraction measurements that were acquired to identify the different
crystal phases. For the measurement at the bottom shown in Figure 5.9(b), diffraction
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Figure 5.9: (a) Transmission electron micrograph taken in dark-field mode on a core-shell
NW grown using AsV1. The three panels in (b), (c), and (d) show electron diffrac-
tion measurements at different positions of the NW. Here, the labels indicate
the respective lattice vector in reciprocal space and the arrows indicate diffrac-
tion spots suggesting a coherently strained shell. Measurement and analysis per-
formed by Achim Trampert and Michael Niehle.
from twinned cubic zincblende structure (blue and green notations), hexagonal wurtzite
structure (red notations), and streaks along [111] are detected, that are attributed to stack-
ing faults or thin slabs. Figure 5.9(c) shows the measurement at the central part, exhibit-
ing diffraction from twinned zincblende segments (blue and green). Figure 5.9(d) shows
the measurement at the top part of the NW where only a single zincblende phase is de-
tected (blue). Interestingly, the magnifications of the electron diffraction images indicate
that secondary spots above and below the (111¯) and (220) zincblende spots exist in Fig-
ure 5.9(c) and (d). Their position exactly above and below the main peaks corresponding
to the radial direction indicate a coherent, elastically strained shell. Furthermore, no suf-
ficient indications for plastic relaxation by dislocations are indicated in the micrograph,
as the contrast along the NWwidth corresponds to thickness fringes due to the hexagonal
shape of the NW. These results imply that dislocations are not causing the low lumines-
cence intensity of the sample grown with co-deposition and therefore, we propose that
a high density of point defects might be the origin for the low luminescence intensity.
However, this result is only based on few TEM measurements and more work needs to
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be done to distinguish the nature of the defects.
5.3.2 Inherent flux sequences
The two As sources are both VEECO 500 CC valved As crackers calibrated with the same
procedure as discussed in section 2.1. The difference between the two As sources is only
their location in the MBE system. Figure 5.10(a) shows a schematic diagram of the loca-
tions of the relevant cells in the MBE system. The In and Ga cells are located next to each
other. The first As cell (AsV1) is the next neighbour of the In cell whereas the second As
cell (AsV2) is exactly opposite of the In cell. The direction of the impinging fluxes relative
to the sidefacet is defined by two angles: The first angle α is the azimuthal angle in the
substrate plane between the normal of the NW sidewall and the direction of the effusion
as shown in Figure 5.10(a). This angle α varies continuously due to the substrate rotation.
The second angle β is the inclination angle of the cells with respect to the substrate nor-
mal, shown in Figure 5.10(b), which is fixed at 33.5◦ . The impinging flux on one sidefacet
is calculated as
ffacet(t) =
 f2D tan(β) cos(α(t)− αi) for −90◦ < α < 90◦0 for 90◦ ≤ α ≤ 270◦ , (5.1)
with the equivalent flux for planar growth f2D and cell-dependent angle αi to account for
the relative positions of the sources. Figure 5.10(c) and (d) show the calculated fluxes,
using the nominal fluxes as f2D impinging on one sidefacet as a function of time for (c)
AsV1 and (d) AsV2, with a constant rotation speed α˙ = 6 rpm = 36◦/s. In both sequences
the Ga and In fluxes overlap widely due to the cells’ location next to each other. Using
AsV1 (c), there is also a large overlap of the As flux with the In and Ga fluxes. On the
contrary, for AsV2 (d), there is no overlap of the As and In fluxes due to the opposite
location of the cells to each other. Only for the Ga cell there is a small overlap with the
As flux. Consequently, using AsV1 the material is mostly co-deposited, whereas using
AsV2, As and In are never co-deposited.
The flux sequencewith separate deposition of group III andAsmaterial [Figure 5.10 (d)]
resembles shutter sequences that were used in migration enhanced epitaxy (MEE) of pla-
nar layers, where group III and group V fluxes are deposited after each other to increase
the diffusion of the group III adatoms [185]. Particularly for growth on GaAs(110), the low
As sticking factor demands low substrate temperatures and high V/III ratios [172,174,182]
as discussed before. Here, MEE was employed succesfully for the growth of GaAs [186]
and (In,Ga)As [187] layers on GaAs(110) with improved morphology and luminescence
compared to layers grown by co-deposition. In particular, for the growth of (In,Ga)As
(110) QWs it was shown that MEE can improve the compositional homogeneity. [184] It
was suggested that the separate supply of group III species and As in MEE leads to the
desorption of excess As and thereby avoiding the formation of (111) microfacets. [186] Fur-
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Figure 5.10: (a) Schematic of the cell configuration of the MBE system used for this study, as
seen normal to the growth flange. (b) Schematic diagram of the flux impinging
on the NW sidewall as seen from the side normal to the plane of NW and source.
(c,d) Material fluxes impinging on a given side facet as a function of time and
rotation angle as calculated by Equation 5.1, using (c) AsV1 and (d) AsV2.
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thermore, it was proposed that the surface migration of As is also enhanced in MEE. [188]
Here, the enhanced diffusion of Ga, In and also As might reduce the formation of native
defects such as As antisites and Ga vacancies, that have been observed particularly for
GaAs layers and NW shells grown at temperatures below 400 ◦C. [169,189] However, the
exact mechanism that is responsible for the improvement by MEE and in particular for
shell growth is not completely understood.
The similarity to MEE may also explain the impact of the growth rate on the material
quality discussed in the previous section. For the growth of planar layers by MEE it was
shown that the recovery of the intensity in RHEED during growth was fastest for de-
position of complete MLs per cycle and oscillations were observed for incommensurate
deposition, which indicated that the growth proceeds layer by layer. [190] Therefore, depo-
sition of a full monolayer might lead to the smoothest layers. This result is in agreement
with our observation of most homogeneous emission from samples grown with almost a
complete layer deposited per rotation.
Our results suggest, that the co-deposition of materials during growth of NW shells
could result in a high density of point defects, which has not been considered before. The
remarkable difference of the samples grown with different As cells is much more dras-
tic than reported differences between planar layers grown by continous MBE and MEE.
Furthermore, the impact of the flux sequence is stronger than that of a change in growth
conditions where only gradual variations were observed (cf. section 5.2). This result sug-
gests that the growth of NW shells is inherently different from planar growth on defined
surfaces. The biggest difference of NW sidewalls compared to planar substrates are the
six NW edges. These edges have a surface bonding that differs from the (110) surface and
most possibly lead to different growth kinetics. For the growth of (In,Ga)As shells with
high In contents, it was shown that plastically relaxed clusters nucleate preferentially
at these edges, [20] emphasizing the role of these edges. For the NWs discussed here,
the edges always point in the 〈112¯〉 directions. During shell growth, these edges may
adopt the corresponding {112¯} surfaces, as it was reported for (Al,Ga)As, (In,As)P, and
InP shells. [154,191–193] This surface is polar, so a NW may exhibit three {112}A and three
{112}B surfaces. For GaAs it was shown that these surfaces are unstable due to their
high surface energy and decompose into lower energy facets, either into a combination
of {111} and {113} facets or into {110} facets. [194] The choice of the facets depends on
the crystal polarity and the chemical potential. The (112)A facet transforms into {111}
and {113} facets under Ga-rich conditions and into {110} facets under As-rich condi-
tions. For the (112)B facet it is the opposite behaviour. For such facets on the edges of
the NWs, it means that during shell growth with co-deposition (using AsV1) the surface
is always As-rich and the {112}A/B facets constantly favour either {110} facets or {111}
and {113} facets. This constant preference for certain facets might lead to the formation
of microfacets leading to rough surfaces and the formation of defects. In contrast, dur-
ing shell growth with separate deposition of group III materials and As (using AsV2)
the surface conditions change continuously from group III-rich to As-rich. Under these
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Figure 5.11: (a) PL spectra taken at 10 K and Pexc = 700 μW on samples with (In,Ga)As shells
grown at varying rotation speed as indicated next to the curves. (b) PL spectra
taken at 10 K and Pexc = 700 μW on samples with (In,Ga)As shells grown using
different Ga sources (Ga1: green curve, Ga2: yellow and red curves) and varying
rotation speeds (10 rpm: green and yellow curves, 20 rpm: red curve).
conditions, the energetically preferred facets alternate with the flux sequence, possibly
suppressing their formation. This dependence of the facets on the flux sequence might
be a possible explanation for the dramatic difference we observe in the experiment. A
detailed investigation by TEM might elucidate the role of edge facets during growth.
5.3.3 Role of rotation speed and configuration of group III cells
Figure 5.11(a) shows PL spectra taken on In0.15Ga0.85As shell samples grown with differ-
ent rotation speeds. We note that the growth temperature and deposition rate are slightly
lower than for the previously discussed samples (Tgrowth = 420 ◦C, fGa = 2.9 nm/min,
fIn = 0.5 nm/min, R5/3 = 22). However, the sample grown with 10 rpm, the typical ro-
tation speed used for all previously discussed samples, shows a symmetric peak centred
at 1.35 eV. The sample grown at lower rotation speed of 5 rpm shows a peak centred at
1.38 eV with higher intensity compared to the first sample and a pronounced low-energy
shoulder. By decreasing the rotation speed the amount of deposited material per rotation
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increases from 0.36ML for 10 rpm to 0.72ML for 5 rpm. Thus, the sample with deposition
closer to a complete layer exhibits the more inhomogeneous emission. This behaviour is
in contrast to what we have seen for the samples grown with varying growth rate and
constant rotation speed, shown in Figure 5.6. Consequently, we cannot attribute the ob-
served changes in Figure 5.11(a) to the change in deposited material per rotation. There-
fore, we suppose that the change in sequence length itself affects the growth dynamics
during shell growth significantly. During In and Ga deposition, the adatoms diffuse on
the growth surface to reach energetically favourable locations. If this period is too long,
In-rich clusters may form, giving rise to a wider range of emission energies, as seen in
the spectra. This result suggests, that even though the deposited amount per rotation and
the rotation speed are connected, both parameters have a distinct impact on the growth
dynamics.
Figure 5.11(b) shows PL spectra taken on samples with In0.15Ga0.85As shells grown
using Ga sources located at different cell ports. All fluxes and growth temperatures were
the same for both samples (Tgrowth = 440 ◦C, fGa = 6.8 nm/min, fIn = 1.3 nm/min,
R5/3 = 22), but the samples were grown in a later growth campaign compared to the
samples shown in section 5.2. Besides the Ga source that was used in all previous shell
growth experiments, the system contains a second source for Ga, which we call Ga2 in
the following discussion. The green curve shows the spectrum of the sample grown with
source Ga1. It shows a central peak centred at 1.360 eV and a slight shoulder at lower
energies. The yellow curve shows a spectrum of a sample grown with the same growth
conditions using source Ga2. The spectrum shows a broad peak centred at 1.30 eV which
corresponds to a red-shift of 60 meV relative to the sample grown with the source Ga1.
The red curve shows the spectrum taken on a sample grown with the Ga2 source but
with a higher rotation speed of 20 rpm. The spectrum shows a narrower peak centred
at 1.345 eV which is shifted to higher energy by 45 meV compared to the sample grown
with lower rotation speed.
The source Ga1 is located next to the In source whereas Ga2 is located next to Ga1 as
visualized in Figure 5.10(a). Depending on which Ga source is used for the growth of
(In,Ga)As shells, the flux sequence on the sidefacets changes. When using Ga2, the over-
lap of In and Ga fluxes is smaller than for using Ga1. The separate supply of In and Ga
may lead to more segregation effects leading to cluster formation. Here, the separation
is still small as the In and Ga2 sources are next-neighbours. For the hypothetical extreme
case in which the Ga and In sources are located opposite of each other and Ga and In
are never co-deposited, a strong clustering effect would be obvious. This effect might
explain the red-shift in the PL spectra. By increasing the rotation speed the durations of
the separate supplies are reduced which might lead to more intermixing and thus, po-
tentially explaining the blue-shift of the sample grown with higher rotation speed. These
results indicate that not only the relative location of group III and group V cells is crucial
for the material quality but also the relative location of the group III cells to each other is
important for achieving a homogeneous alloy.
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5.4 Conclusion
We have explored the optimum growth conditions to achieve In0.15Ga0.85As shells of
highest material quality. A low growth temperature and high V/III ratio are necessary
to achieve conformal shell growth and high luminescence intensity. These results are in
agreement with the requirements for growth of planar layers on (110) substrates. Ad-
ditionally, we have shown that a trade-off exists between luminescence intensity and
homogeneity along the axis. It seems that for increasing growth temperature separate
segments along the NW axis give rise to luminescence at varying emission energies,
whereas samples grown at lower temperature show constant emission energies along
the NW. However, in ensemble PL measurements, the emission width is comparable.
Furthermore, we have shown that the directionality of the material fluxes in MBE has
a crucial impact on the quality of core-shell structures. Only in the case of oppositely
located group III and As cells we could achieve samples with good luminescence prop-
erties. For this case we expect a flux sequence on the NW sidefacets that resembles MEE,
which is known to improve layer smoothness and homogeneity. However, the effect
is much stronger for NW shells than for planar layers. Furthermore, we showed that
also the growth rate and rotation speed have significant impact on the growth dynamics.
These results suggest that the growth of NW shells in MBE is drastically affected by the
inherent flux sequence. Therefore, parameters become crucial that have no relevance for
the growth of planar layers. We expect that these effects are present for growth of NW
shells of all material systems, but the consequences may vary depending on the specific
material properties. Not only adatom diffusion but also desorption might be affected,
changing growth dynamics and material quality.
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6 Impact of outer shell structure and
localization effects on charge carrier
dynamics in (In,Ga)As shell quantum
wells
The large surface to volume ratio of NW structures emphasizes the importance of the
surface for the electronic properties of such structures. At semiconductor surfaces, dan-
gling bonds are formed which may result in distinct electronic levels within the band
gap, so-called surface states. [32] In the case of GaAs, surface states are enhanced by ox-
idation under air exposure. [195,196] As surface states may lead to rapid recombination of
charge carriers due to Shockley-Read-Hall recombination, they are detrimental for elec-
tronic and optical properties. Therefore, the passivation of surface states is particularly
crucial in the case of NWs. This can be done by surface nitridation in wet chemistry [197]
or by the epitaxial growth of shells of materials with a higher band-gap energy which
typically yields a better sample quality. These shells act as barriers for the charge carri-
ers in the NW core and prevent them from reaching the surface. In recent years, barrier
shells of different materials have been explored for the surface passivation of GaAs NW,
such as (Al,Ga)As, [198–200] Ga(As,P), [9] GaP, [201] (In,Ga)P, [202] and (In,Al)As on (In,Ga)As
NWs, [193] typically yielding an improvement of the luminescence intensity in the range
of one to two orders of magnitude. Also for the case of shell QWs, it can be expected
that their luminescence efficiency is crucially affected by passivating outer shells. There-
fore, we explore in this chapter the impact of different outer shells on the charge carrier
dynamics in (In,Ga)As shell QWs.
In section 6.1, we show that at low temperatures, PL spectra are dominated by recom-
bination of localized excitons. We attribute the localization to alloy clusters and thickness
fluctuations discussed in the previous chapter.
In section 6.2, we show that due to the large surface-to-volume ratio, thermal emission
of carriers from the QW and subsequent recombination at the surface is the major path
of nonradiative recombination at elevated temperatures. By adding AlAs barriers we
suppress this channel efficiently and achieve strong room-temperature luminescence.
In section 6.3, we present time-resolved PL experiments which show that the interface
between the (In,Ga)As shell and the barrier determines the nonradiative decay of charge
carriers at low temperatures. Therefore, a GaAs spacer shell of sufficient thickness is
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Figure 6.1: Low-temperature PL spectra taken on a sample with outer GaAs shell at different
excitation powers as indicated next to the respective curves.
necessary to separate the QW from the barrier.
6.1 Localized states in the (In,Ga)As shell quantum well
Figure 6.1 shows PL spectra of a NW core-shell sample with In0.15Ga0.85As shell quan-
tum well taken at 10 K for various excitation powers. The structure is similar to what
has been discussed in chapter 5, i.e. a 50 nm thick GaAs core, grown on a patterned Si
substrate, a 10 nm thick In0.15Ga0.85As shell, and a 30 nm thick GaAs shell. The shells
were grown at the optimized growth conditions for optimum luminescence properties
(Tgrowth = 440 ◦C, fGa = 6.8 nm/min, fIn = 1.3 nm/min, R5/3 = 22). For low excitation
power, the spectra consist of a continuous band centered at 1.35 eV and another band of
spectrally resolved narrow lines centered at 1.40 eV. Both bands shift to higher energies
with increasing excitation power. For the highest excitation power, the two bands evolve
into a single peak with FWHM of 50 meV centered at 1.39 eV and a shoulder at 1.44 eV.
No luminescence from GaAs is detected, not even at high excitation power, indicating
an efficient transfer of charge carriers from the GaAs core to the (In,Ga)As shell QW as
observed previously[5].
We attribute the first band to luminescence from localized and free excitons in the
In0.15Ga0.85As shell QW. The sharp transitions (FWHM < 1 meV) detected at low ex-
citation power indicate localization by potential minima in the shell QW, typically either
due to fluctuations in QW thickness or alloy composition. The band at higher energy is
due to localized excitons as well, located at shell QWs with lower In content either at
different facets of a single NW or a different NW. Such differences in In content of few
percent have been shown to occur in similar structures. [151] For (Al,Ga)As shells, local-
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Figure 6.2: PL spectra taken at varying temperature on three samples with different struc-
tures as shown by the schematics at the bottom: (a) GaAs outer shell, (b)
GaAs/AlAs/GaAs outer shells, and (c) AlAs/GaAs outer shell. The core and
(In,Ga)As shell is the same for all samples. The intensity scale is the same for all
three viewgraphs.
ization by potential minima due to segregation effects beyond random alloy fluctuations
has been studied in great detail. [154,160,203] Also for the growth of planar (In,Ga)As QWs
by MBE it was shown that roughness and compositional inhomogeneity are stronger for
growth on the (110) plane compared to the more common (100) plane. [183,184] Another
source for localization sites might be crystal-phase-quantum-rings (CPQRs) which form
at the intersection of the QW and zincblende/wurtzite (ZB/WZ) interfaces given by a
polytypic NW core. [5]
6.2 Thermal quenching of luminescence intensity
Figure 6.2(a) presents PL spectra taken on the same sample as in Figure 6.1 at tempera-
tures between 10 and 185 K at an excitation power of 700 µW. For this excitation power, no
PL could be detected at temperatures above 185 K. The structure of the NW cross-section
of this sample is shown at the bottom. For all temperatures up to 185 K, a single peak
dominates the spectrum, which is centered at 1.375 eV at 10 K. The shoulder at slightly
higher energies is detected up to 100 K.
Figure 6.2(b) and 6.2(c) show PL spectra taken on samples with AlAs shell containing
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Figure 6.3: Normalized integrated intensity of the spectra shown in Figure 6.2 of the three
different samples as a function of temperature. The lines show fits to Equation 6.1,
yielding different activation energies as shown in Table 6.1.
structures for temperatures between 10 K and 300 K. Here, the core and In0.15Ga0.85As
shell are nominally the same as for the sample discussed so far, only different outer shells
were grown around the In0.15Ga0.85As shells at similar growth conditions (Tgrowth =
440 ◦C, fGa = 6.8 nm/min, fAl = 3.4 nm/min, R5/3 = 20): (b) a stack of 5 nm GaAs,
20 nm AlAs, and 10 nm GaAs, and (c) 20 nm AlAs and 10 nm GaAs. The respective
core-shell cross-sectional structures are shown at the bottom of the viewgraphs. Here,
we chose the binary compound AlAs to avoid additional localization effects in (Al,Ga)As
shells. [154,203] For the sample with GaAs spacer in Figure 6.2(b), the spectra show a dom-
inant peak centered at 1.39 eV, corresponding to emission from the (In,Ga)As shell QW.
Also a shoulder at lower energies exists. For the sample without GaAs barrier shown in
Figure 6.2(c), the spectra are also dominated by a peak at around 1.38 eV, corresponding
to emission from the (In,Ga)As shell QW. This transition is slightly broader and almost
one order of magnitude weaker than for the sample with GaAs spacer. For this sample,
an additional peak at around 1.50 eV is detected, which most probably corresponds to
emission from the strained GaAs core. Only for this sample emission from the core is
detected, indicating that the carrier transfer from the core to the shell QW is less efficient
in this structure. A possible explanation for this phenomenon is that for this sample the
AlAs is next to the QW shell, changing the confinement of charge carriers in the QW due
to its high band-gap energy and their wavefunctions are pushed further into the GaAs
core. This might give rise a less efficient transfer into the shell and luminescence from the
GaAs core.
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Sample E1 (meV) E2 (meV) E3 (meV)
AlAs/GaAs 5± 1 38± 2
GaAs/AlAs/GaAs 7± 2 35± 3
GaAs 6 37 150
Table 6.1: Parameters obtained by the analysis of the intensity shown in Figure 6.3 using
Equation 6.1. For the sample with GaAs outer shell no errors are given as these
values were not obtained by a fit.
Figure 6.3 shows the normalized intensities, integrated over the entire emission band,
for the three samples as a function of temperature. For temperatures from 10 to 80 K
the intensity decreases in a similar way for all samples: The intensity is almost con-
stant at low temperatures, and starts to decrease more rapidly for temperatures above
40 K. Above 80 K the sample with GaAs outer shell shows a strong, thermally activated
quenching of the PL intensity. At 185 K the intensity has decreased by more than three
orders of magnitude. In contrast, for samples with AlAs outer shells (green and blue
data points), the intensity decreases much less compared to the sample with GaAs shell
for temperatures above 80 K. Even at room-temperature the intensity is still 1% of the
low-temperature intensity. This value is comparable to what has been shown for planar
(100) (In,Ga)As QWs surrounded by (Al,Ga)As barriers [204] and GaAs/(Al,Ga)As core-
shell NWs. [203,205] This result shows, that the incorporation of an AlAs shell in the outer
shell structure drastically improves the luminous efficiency at room temperature.
A thermally activated quenching of the PL intensity can be written as
I(T) = 1/[1+∑
i
aiT exp(−Ei/kBT)] (6.1)
with the activation energies Ei of different nonradiative recombination channels, the pref-
actors ai and the Boltzmann constant kB. [206] Here, we have taken into account the linear
temperature dependence of the radiative lifetime of carriers in QWs. [207] The lines in Fig-
ure 6.3 show fits of Equation 6.1 to the data, yielding activation energies presented in
Table 6.1. The dotted line shows a fit using only one activation channel, deviating sig-
nificantly from the experimental data. Therefore, for the samples with AlAs barriers, the
analysis requires two recombination channels with distinct activation energies: At low
temperature an activation energy of around E1 = 6± 2 meV and for elevated tempera-
tures a second activation energy of E2 = 37± 3 meV.
The first recombination channel at low temperatures might originate from dissociation
of free excitons, whose binding energy in such QWs is similar to E1, [208,209] or a thermally
activated delocalization of excitons localized by potential fluctuations. The activation
energy of E1 = 6 meV, corresponds to fluctuations of the In content of around 0.6%. Such
variations in In content have been shown by a microstructural investigation of similar
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structures. [151] Segregation effects that are beyond random alloy fluctuations are known
to exist for growth in the (110) direction [184] and can partly explain the broad peaks with
full-width at half maximum of above 30 meV for all samples.
The second channel with E2 = 37 meV is more difficult to interpret. The value of
the activation energy is about twice as large as those reported for closely lattice-matched
GaAs/(Al,Ga)As [142,203,205] and (In,Ga)As/(In,Al)As [193] core-shell NWs, whichwas spec-
ulated to be related to a specific recombination center at the {110} interfaces. In the
present case, it seems unlikely that this nonradiative channel is related to an interfacial
defect, since we obtain exactly the same value for E2 for samples with an interface to
an outer GaAs or AlAs shell. Rather, we believe this activation energy to be character-
istic for In0.15Ga0.85As grown under the conditions employed in the present study (low
temperature, high V/III ratio).
For the sample with GaAs outer shell, a third activation channel is required to repro-
duce the experimental data, as the intensity is quenched more strongly at higher tem-
peratures. This strong thermal quenching is adequately described by a channel with
an activation energy of E3 = 150 meV, with E1 and E2 having the same values as for
the samples with an outer AlAs shell as the corresponding channels comprise effects
that originate from the core and (In,Ga)As shell QW. The value of E3 is close to the en-
ergy difference between the GaAs band gap and the peak energy of the emission from
the In0.15Ga0.85As shell QW. Therefore, we assume that the this recombination channel is
due to thermal transfer of carriers from the (In,Ga)As shell QW to the outer GaAs shell,
leading to rapid nonradiative recombination at the outer surface, analogously to planar
QWs. [204,210] These results show that by introducing a high energy barrier around the
(In,Ga)As shell QW the carrier transfer to the outer shell effectively decreases, resulting
in a high room temperature luminescence intensity.
6.3 Exciton dynamics in the shell quantum well at low
temperature
To explore the carrier dynamics at low temperatures in more detail we measured time-
resolved PL. Figure 6.4(a) shows normalized intensity transients of the spectrally inte-
grated PL bands from the In0.15Ga0.85As shell QWs for all three samples at 10 K. The
excitation wavelength was 750 nm and excitation power 250 µW. For excitation and col-
lection the same objective was used as for cw experiments. All transients show a non-
exponential decay, characterized by a fast decay during the first 500 ps and a slower
decay for longer times. We assume that the fast decay is due to nonradiative decay with
varying decay times for the different samples. In order to corroborate this assumption,
we build a model which is based on the understanding obtained by the analysis of the
cw-PL data. We assume that the luminescence is dominated by excitons, given the exci-
ton binding energy of around 8 meV for such a QW [209] and the low temperature of 10 K.
70
6.3 Exciton dynamics in the shell quantum well at low temperature
(a) (b) FX
Xloc
0
τFX τXloc
τ21 τ12τNR
Al
As
G
aA
s
(In,Ga)As
|Ψ|2
(c)
space
En
er
gy
0.0 0.5 1.0 1.5
0.1
1
AlAs/GaAs
GaAs/AlAs/GaAs
GaAs
N
or
m
. I
nt
en
si
ty
 (a
rb
. u
ni
ts
)
Time (ns)
10 K
Figure 6.4: (a) Transients of the low temperature PL intensity taken on different samples as
indicated next to the data points. The lines are simulations of Equation 6.4 to the
experimental data, yielding parameters given in Table 6.1. (b) Schematic of the
model of exciton states used to describe the transients. (c) Sketch of the exciton
probability distribution at the outer interface region of the (In,Ga)As shell QW.
The exciton penetrates into the defective AlAs/GaAs interface region leading to
enhanced nonradiative decay.
We only consider heavy-hole excitons. Figure 6.4(b) shows a schematic of our model: As
we have seen, at low temperatures the PL is determined by excitons localized at potential
fluctuations (Xloc) as well as free excitons in the (In,Ga)As shell QW (FX). Free excitons
are captured by the localized states with rate 1/τ21. Also, localized excitons can transfer
to free states with rate 1/τ12. Excitons of both states contribute to emission of light, char-
acterized by the radiative lifetimes τFX and τXloc. Finally, we suppose that only the free
excitons can recombine nonradiatively with nonradiative lifetime τNR. The correspond-
ing rate-equations are given by
dnFX
dt
= −nFX
τFX
− nFX
τNR
+
nXloc
τ12
− nFX
τ21
(6.2)
dnXloc
dt
= −nXloc
τXloc
− nXloc
τ12
+
nFX
τ21
(6.3)
giving rise to the detected luminescence which depends on the radiative lifetimes
IPL(t) ∝
nFX
τFX
+
nXloc
τXloc
, (6.4)
with number density of free excitons nFX and localized excitons nXloc, and time-dependent
PL intensity IPL(t). The lines in Figure 6.4(a) show simulations of Equation 6.4 with the
parameters shown in Table 6.2, with nFX(0) = 1 and nloc(0) = 0. For the simulations,
we assumed that only τNR changes between the different samples and all other lifetimes
and transfer times are constant. Both radiative lifetimes are the same for all samples as
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Sample τNR τFX τXloc τ12 τ21
GaAs 1.8 1.3 3.5 1.2 0.5
GaAs/AlAs/GaAs 0.33 1.3 3.5 1.2 0.5
AlAs/GaAs 0.11 1.3 3.5 1.2 0.5
Table 6.2: Lifetimes and transfer times (all in ns) obtained by the analysis of the transients in
Figure 6.4(a), corresponding to the system shown in Figure 6.4(b) and the Equa-
tions 6.2–6.4.
they only depend on In content and clustering in the (In,Ga)As shell QW [211,212], which
is the same for all samples. Despite the simplicity of the model and the fact that we
have varied only one parameter, the experimental data are reproduced fairly well, thus
confirming our hypothesis.
Regarding the accuracy of the model we estimate that similar results can be achieved
with parameter values estimated within ±20% of the values presented in Table 6.2. The
extracted radiative lifetime of free excitons is 1.3 ns, noticeably longer than typical val-
ues of about 400 ps reported for planar (In,Ga)As/GaAs(100) QWs, [209,213,214] indicating
an increased spread of excitons in k-space that hinders the effective radiative recombi-
nation [212], possibly due to a high carrier temperature that was reported previously for
different NWs. [215] The radiative lifetime of the localized exciton is 3.5 ns, a value also
longer than lifetimes reported for GaAs/(Al,Ga)As shell QDs ranging between 450 ps [154]
and 1.7 ns. [5] For unintentionally grown (In,Ga)As shells around nanopillars grown by
MOCVD lifetimes of below 500 ps were reported, not differentiating between radiative
and nonradiative decay. [216]
The transition time τ12 is 1.2 ns, which is reasonably long, as the thermal transfer from
the localized to the free state is impeded at low temperatures. The capture time τ21 on the
other hand is 0.5 ns, which is shorter than expected, as such capture times in GaAs QWs
have been shown to be only 250 ps for samples of highest quality. [217] This effect might
be related to the slow relaxation dynamics reported for NWs [203,215].
As we have assumed, the different transients can be explained by a variation of τNR.
We attribute this variation to different recombination velocities at the interface of the
(In,Ga)As shell QW with the outer shell. In particular, we expect a high density of point
defects at the In0.15Ga0.85As/AlAs interface because of the low growth temperature. Re-
markably, also for the sample with the 5 nm GaAs spacer between the In0.15Ga0.85As and
AlAs shells, τNR is significantly lower than for the samples with pure GaAs shell. Fig-
ure 6.4(c) shows a sketch of the exciton probability distribution in the outer interface re-
gion of the In0.15Ga0.85As shell QW. Here we suppose that the exciton penetrates through
the thin GaAs spacer shell and into the defective GaAs/AlAs interface region. This effect
can explain the smaller τNR compared to the sample with pure GaAs outer shell.
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6.4 Conclusion
Wehave shown that the low temperature luminescence of (In,Ga)As shell QWs is strongly
affected by emission from localized states. The extracted activation energies for delocal-
ization suggest that In content fluctuations that are beyond random alloy fluctuations are
the origin. To understand the structure of these localization sites in more detail and com-
pare them to what is known for (Al,Ga)As shell QDs further investigations are necessary.
Furthermore, we showed that by adding an AlAs barrier shell the room temperature lu-
minescence of the shell QWs increases dramatically. However, the interface to the AlAs
shell is found to introduce an additional nonradiative recombination channel that is ac-
tive already at low temperatures. This result emphasizes the importance of interfaces
for carrier recombination in core-shell heterostructures. Here, the introduction of a thin
GaAs spacer shell between the QW shell and the barrier increases the nonradiative life-
time but the exciton wavefunction still penetrates the 5 nm thick spacer shell, limiting the
improvement. Hence, our study illustrates competing factors limiting the PL intensity in
NW shell QWs. Using a multishell design, we demonstrate a way to reduce the impact
of this interface and to achieve NW shell QWs with high luminous efficiency, enabling
efficient devices operating at room-temperature.
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7 Ex-situ annealing of core-shell nanowires
In the previous chapter, we have shown that In0.15Ga0.85As shells exhibit alloy clustering,
leading to localization of carriers at low temperatures and broad luminescence peaks.
This clustering, which is beyond random alloy fluctuations, is partially related to the dis-
tinct growth mode based on the inherent flux sequence that we have discussed in chap-
ter 5. Furthermore, the nature of the (110) surface that is present at the NW sidefacets
leads to rough facets and segregation effects in general. [175,180,183,184] These limitations
are inherent to the material system and the growth on NW sidewalls. Therefore, the op-
timization of the growth parameters in chapter 5 was limited in obtaining highest optical
properties. A prominent approach to improve the homogeneity of materials and reduce
the density of defects after growth is ex-situ rapid thermal annealing (RTA). [218–221] By ap-
plying annealing temperatures much higher than temperatures used during growth the
migration of defects and intermixing of alloys is thermally activated. [222] However, in the
case of NWs this process has not been used in a wide range [223] because the large surface
to volume ratio leads to enhanced evaporation at the surface for high temperatures. [224]
In the case of planar layers, this effect was typically avoided by using an additional sub-
strate on top of the grown layer to prevent excessive evaporation from the grown layer
but this method cannot be used for NWs. Here, we present a successful strategy to protect
the NWs by a thin SiNx layer during ex-situ annealing at temperatures of up to 900 ◦C.
In section 7.1, we present the processing steps involved in the annealing of the NW
core-shell structures. We show that the SiNx is deposited conformally around the NW
and is thermally stable up to at least 900 ◦C. After annealing this SiNx cap is etched se-
lectively to the GaAs and the NWs exhibit similar morphologies to the as-grown sample.
In section 7.2, we explore the impact of the annealing process and different annealing
temperatures on the luminescence properties of the samples. We show that the dielectric
SiNx cap improves the light-coupling of the laser to the NW, resulting in a higher lu-
minescence intensity. Furthermore, the FWHM of the luminescence peak corresponding
to the (In,Ga)As shell decreases with increasing annealing temperature from 40 meV to
14 meV, indicating alloy homogenization in the In0.15Ga0.85As shell.
In section 7.3, we explore the role of the SiNx cap in the annealing process. We show
by x-ray diffraction measurements that the SiNx shell imposes strain on the NW struc-
ture. By annealing, this strain increases due to out-diffusion of residual hydrogen from
the SiNx. This strain partly explains the shift of emission energies seen in the PL investi-
gation.
In section 7.4, we discuss the luminescence properties of the annealed structure inmore
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Figure 7.1: Different stages of the annealing procedure: (a) after growth, (b) after depositing
SiNx cap, (c) visualization of the cross-sectional structure of the core-shell NW
heterostructure with SiNx cap, (d) after annealing at 900 ◦C, and (e) after etching
the SiNx cap. (f) Micrograph of a sample annealed at 900 ◦C without SiNx cap.
The scale bar corresponds to 1 µm in all micrographs. All micrographs are taken
under an angle of 15◦ from the substrate normal.
detail. We show that in PL the emission shifts to higher energies with increasing ex-
citation power, similar to the as-grown sample. This result might indicate band filling
effects. We show that localization of carriers at low temperatures is insignificant com-
pared to what we have shown in chapter 6 for the as-grown sample. Furthermore, the
thermal quenching of the PL intensity exhibits an activation energy of 40 meV which is
similar to the activation energy observed for the as-grown sample indicating a specific
recombination channel which cannot be reduced by thermal annealing.
7.1 Description of the annealing process
Figure 7.1(a) shows a NW core-shell sample after growth, with NWs having a length
of 2.5 µm and a total diameter of 160 nm. The core-shell structure consists of a 60 nm
thick core, a 10 nm In0.15Ga0.85As shell, a 10 nm GaAs spacer shell, a 20 nm AlAs bar-
rier shell and a 10 nm cap shell (optimum growth conditions for the In0.15Ga0.85As shell
Tgrowth=440 ◦C, fGa = 6.8 nm/min, fIn = 1.3 nm/min, R5/3 = 20, for GaAs and AlAs
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shells same Tgrowth and R5/3 using fluxes fGa = 6.8 nm/min and fAl = 3.4 nm/min,
respectively). The dimensions, in particular the thickness of the spacer shell, are cho-
sen as a consequence of the results in chapter 6, where we showed that a 5 nm thick
spacer shell is not thick enough to prevent nonradiative decay at the AlAs interface. Fig-
ure 7.1(b) shows the sample after deposition of SiNx with a planar thickness of 100 nm.
The layer of amorphous SiNx was deposited using plasma-enhanced chemical vapour
deposition (PECVD) at a deposition temperature of 345 ◦C by Ina Ostermay (Ferdinand-
Braun-Institut Leibniz-Institut für Höchstfrequenztechnik). From SEM images we mea-
sured a thickness of the cap of 70 nm on the NW sidewalls. This thickness corresponds
to 70% of the planar thickness on the substrate surface. Furthermore, the micrograph
confirms the conformal growth of a continuous layer of SiNx around the NW, which has
not been reported before. We note that previously SiNx layers have been used for surface
passivation and anti-reflection coating on InP NW based solar cells after device process-
ing. [225] Our result is comparable to what has been shown for SiO2 deposition around
NWs. [226,227] Here, we used SiNx because it was reported to be a good material for pro-
tection of GaAs layers during high temperature annealing, as it reduces the out-diffusion
of Ga more efficiently than SiO2 layers. [218,228–230] Figure 7.1(c) shows the final structure
in cross-section with the rounded edges of the SiNx layer as seen in the micrograph.
Figure 7.1(d) shows a micrograph of the sample after annealing in an RTA oven for
30 s at 900 ◦C under N2 atmosphere. The NW morphology appears to be similar to that
of the sample before annealing, only a slight increase in tilting of the NWs can be seen.
This result proves that the SiNx layer is thermally stable up to such high annealing tem-
peratures. Figure 7.1(e) shows the sample after annealing and removing the SiNx layer.
The NW morphology appears to be comparable to the as-grown sample in Figure 7.1(a).
However, the NW sidefacets seem to be rougher, possibly from unetched parts of the
SiNx. The SiNx was etched in concentrated buffered HF (BHF) solution (NH4F : HF :
H2O, 5 : 1 : 8). The etching rate for as-deposited SiNx is typically 35–40 nm/min. How-
ever, by measuring the thickness of the layer on the substrate before and after etching, we
found an etching rate of around 4 nm/min. Previous studies have shown that residual
H atoms in PECVD grown SiNx diffuse out of the material at temperatures above 600 ◦C,
leading to a denser material and a lower etching rate. [231,232] To assure that the 70 nm
thick SiNx cap is removed completely, the sample was etched for 45 min, without the
potential risk of etching the GaAs because undoped GaAs is not etched by BHF (Etch-
ing experiments conducted by Abbes Tahraoui and Walid Anders). We note that on the
substrate surface residual SiNx might have remained as the layer thickness was larger.
Figure 7.1(f) shows amicrograph of a sample annealed at 900 ◦C for 30 s without a SiNx
cap. The NWs exhibit a very rough surface and are slightly bent in random directions.
For this sample no luminescence could be detected. Interestingly, the NWs of this sample
appear to be thicker than the as-grown sample. However, this result shows the efficacy
of the SiNx cap to protect the GaAs material during the high temperature annealing.
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Figure 7.2: (a) PL spectra of samples of the annealing series taken at 10 K and Pexc=52μW: The
as-grown sample (dark blue), SiNx capped sample (bright blue), annealed sam-
ples at different annealing temperatures (green, yellow and orange lines), and
the annealed sample after etching the SiNx cap (red line). (b) Full-width-half-
maximum of the spectra in (a) as a function of annealing temperature. (c) Ex-
tracted peak energies of the spectra in (a) as a function of annealing temperature.
The dashed line shows the calculated energy for the nominal core-shell structure.
In (b) and (c), the as-grown (blue diamond) and capped sample are shown at
20 ◦C and the red square represents the annealed sample after removing the SiNx
cap.
7.2 Impact of annealing process on luminescence properties
Figure 7.2(a) shows PL spectra taken at 10 K on different samples of the annealing series.
The spectrum taken on the as-grown sample (dark blue curve) shows a peak centred
at 1.32 eV. The sample was grown using Ga source Ga2 because Ga1 was damaged at
that time. As discussed in chapter 5.3.3, this condition may lead to lower emission en-
ergies compared to samples discussed before. The spectrum taken on the sample with
deposited SiNx cap (light blue) shows a main peak centered at around 1.34 eV with an
intensity which is 5 times the intensity of the uncapped sample. The increase in inten-
sity indicates an enhanced light coupling due to the dielectric SiNx cap. Here, the SiNx
cap has an intermediate refractive index (nGaAs = 3.95, [233] nSiNx = 2.05,
[234] nvacuum = 1)
which has been shown to decrease the screening of the electro-magnetic field of the excit-
ing light inside the NW.[235] Thus, more electron-hole pairs are generated leading to light
emission which is detected by PL.
The yellow and orange curves show the spectra of samples annealed at different tem-
peratures. For 800 ◦C, the intensity decreases compared to the not-annealed sample. For
higher annealing temperatures the intensity increases again. For a sample annealed at
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950 ◦C (not shown), no luminescence could be detected, indicating a destruction of the
sample structure. The red curve shows the spectrum of the sample annealed at 900 ◦C
after removing the SiNx cap. The linewidth is even smaller and the emission is shifted to
lower energies compared to the sample with SiNx cap.
Figure 7.2(b) shows the FWHM of the emission peaks as a function of annealing tem-
perature as blue circles. The not-annealed samples are shown at Tanneal = 20 ◦C. The
FWHM shows a decreasing trend with increasing temperature with the exception of
850 ◦C. For this temperature migration processes might get activated leading to an inter-
mediate state with strong disorder. After removing the SiNx cap of the sample annealed
at 900 ◦C (red square), the FWHM further decreases to 14 meV for an ensemble of NWs.
This improvement in the emission homogeneity shows the efficacy of the annealing pro-
cess. However, it is still larger than the linewidth of optimized planar (In,Ga)As QWs (on
(100) substrates or grown by MEE), which is typically only few meV [187,236] but smaller
than for the planar (110) QWs presented in Figure 5.8.
Figure 7.2(c) shows the emission energy of the main peak as a function of anneal-
ing temperature. The bright blue diamond represents the as-grown sample and the red
square represents the annealed sample after removing the SiNx cap. In general, the emis-
sion energy increases gradually for increasing annealing temperature. Interestingly, by
removing the SiNx cap of the sample annealed at 900 ◦C, the peak energy decreases, in-
dicating strain imposed by the SiNx cap which will be discussed in detail in the next sec-
tion. The increase of emission energy of the (In,Ga)As shell QW with increasing anneal-
ing temperature might have different reasons: First, the In distribution in the QW gets
homogenized due to thermal activation of diffusion which removes alloy clusters. [237,238]
The dashed horizontal line shows the emission energy as calculated for a structure with
the same nominal parameters by k · p calculations (Ekp = 1.396 eV, calculations done by
Oliver Marquardt). The as-grown sample shows luminescence at a significantly lower
energy compared to the theoretical value. As discussed in chapter 5, the In0.15Ga0.85As
shell shows alloy clustering beyond random alloy fluctuations leading to localization of
carriers in potential minima. Additionally, this clustering effect is enhanced for sam-
ples grown using the Ga2 source as discussed in chapter 5.3.3. This strong clustering in
the as-grown sample might lead to strong homogenization of the In distribution in the
In0.15Ga0.85As during annealing, possibly explaining the strong shift in emission energy.
Second, the QW intermixes with the barrier material leading to diffuse interfaces. For
planar (110) In0.1Ga0.9As QWs grown in the continuous MBE mode a blue-shift of the
emission of 40 meV by annealing to 900 ◦C was reported. [184] In our experiments, we
observed a blue-shift of 115 meV for the sample annealed at 900 ◦C and removed cap,
which is significantly larger even taking into account the higher In content. We suggest
that the stronger initial clustering in the In0.15Ga0.85As shell might be the reason for the
stronger change of the distribution of the In content during annealing. However, this
is the first study to address the annealing of NW structures at such high-temperatures,
thus for understanding the intermixing in NW core-shell structures in detail more work
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Figure 7.3: (a) Pan-chromatic image of cathodoluminescence of annealed NWs dispersed on
a TEM grid. The red areas indicate high luminescence intensity. (b) CL line scan
along the axis of a single annealed NW. A high resolution SEM image of the same
NW is shown at the right side. All measurements done by Jonas Lähnemann.
is necessary.
Figure 7.3(a) shows a CL panchromatic measurement of dispersed NWs of the an-
nealed sample after removing the SiNx cap. Here, emitted light is detected over a broad
spectral range and the red color indicates locations exhibiting high luminescence inten-
sities. This information is overlayed on a SEM image of the respective sample. Most
NWs show strong emission at a segment on one end of the NW. Figure 7.3(b) shows a
CL linescan along the axis of a single NW with intensity in logarithmic scale. Similar to
the observation in Figure 7.3(a), the luminescence is only located in a segment of the NW.
Here, we find that it is in the top part of the NW, from 1.4–2.4 µm length, whereas the
500 nm long part below the tip does not show luminescence. The luminescence distribu-
tion exhibits a high intensity and is centred at a constant peak energy of Epeak=1.460 meV
over the entire segment. This energy is higher than the peak energy detected in ensem-
ble PL measurements, possibly due to the higher excitation intensity in CL compared to
PL, as we will discuss in detail in the following part. The constant emission energy is in
contrast to the results on as-grown NWs (grown using Ga1) shown in Figure 5.4(e) and
(f), where fluctuations of the emission energy over the NW length were and peaks at low
energy were observed. We note, that the annealed sample was grown using Ga2 where
even stronger fluctuations in the as-grown sample are expected. This result underlines
the efficacy of the annealing process in leading to a more homogeneous emission of the
(In,Ga)As shell. Interestingly, the high resolution SEM image of the dispersed NW in
Figure 7.3(c) shows a rough NW surface which was not observed in the lower magnifica-
tion images in Figure 7.1(e). This roughening might be due to the annealing process but
no detrimental impact on the luminescence properties is seen in this part, for example
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Figure 7.4: (111) X-ray diffraction ω/2θ scans for samples at different stages of the anneal-
ing process. The vertical lines indicate the expected position of fully relaxed
In0.15Ga0.85As and GaAs, and the Si substrate, respectively.
at a height of 1.6 µm, indicating that the shell QW is not affected. Furthermore, the low
emission intensity detected at the lower part of the NW in Figure 7.3(b) has also been
observed for the as-grown NWs in Figure 5.4. Consequently, we suppose that the NW
bottom exhibits defects that result in a strong nonradiative recombination of charge car-
riers. These defects cannot be removed by the annealing procedure. We speculate that
the defects are related to the high density of stacking faults at the bottom of the NW ob-
served in the TEM microgaph in Figure 5.9. Here, the surface of the GaAs with a high
density of axial stacking faults and twins might exhibit microscopic roughness, possibly
acting as a non-ideal substrate for the shell growth. In that context, it has been shown by
scanning tunneling microscopy experiments that the surface atoms in the (110) sidefacet
close to a twin plane get displaced due to different atomic configuration of the twins. [239]
However, so far, studies have focused on the extension of axial defects into the shell but
no results have indicated additional defect formation at the interface. [240,241]
7.3 Strain in the capped core-shell system
Figure 7.4 shows X-ray diffraction ω/2θ scans in out of plane geometry using a slit of
1 mm in detection of samples at different stages of the annealing process. The Bragg
peaks detected in this measurement correspond to the (111) lattice spacing of the respec-
tive sample, presented in Table 7.1. The blue curve shows the as-grown sample. Apart
from the Si substrate peak, a broad peak is detected corresponding to a lattice spacing of
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sample condition a111 (Å) ϵ(In,Ga)As (%)
as grown 3.267 -0.92
SiNx cap deposited 3.262 -1.08
annealed at 900 ◦C 3.238 -1.78
SiNx cap removed 3.268 -0.88
Table 7.1: Lattice spacing in the (111) direction of the measured samples in Figure 7.4 and
the corresponding axial strain value for the (In,Ga)As shell.
aNW, as grown = 3.267 Å. Additionaly, a shoulder at a smaller angle is detected. We can as-
sume that the first peak corresponds to the core-shell NWs and the shoulder results from
the polycrystalline parasitic layer on the oxide-covered Si substrate between theNWs and
the wurtzite structure in the NWs. [20] In the core-shell system, the strain is partitioned be-
tween the core and the shells. [68] This behaviour is in contrast to the case of planar layers,
where the substrate is assumed to be infinitely thick and lattice-mismatched layers grown
on the substrate contain the entire strain.
In general the elastic energy in a system given by
U =
1
2
∫
CijklϵijϵkldV (7.1)
where Cijkl are the elastic stiffness tensor elements and ϵij the elastic strain tensor compo-
nents. For an infinitely long NW we can assume that the strain distribution is constant
along the length,
U =
1
2
LNW
∫
CijklϵijϵkldA (7.2)
where LNW is the NW length and the integration is executed over the cross-sectional area
of the NW. The elastic stiffness tensor is typically defined with respect to the crystallo-
graphic system. In the case of a cubic crystal, the base is formed by 〈100〉, 〈010〉, and
〈001〉. In order to use the NW specific directions 〈11¯0〉, 〈11¯2〉, and 〈1¯1¯1¯〉 the base needs
to be transformed via a rotation matrix R. Following this procedure [135] the strain energy
with respect to the axial direction is
U =
1
3
LNW
∫
(c11 + 2c12 + 4c44)ϵ2zzdA = LNWE
∫
ϵ2zzdA (7.3)
where c11, c12, and c44 are the unique elastic constants in the cubic system, ϵzz is the strain
in the axial 〈1¯1¯1¯〉 direction and E sums up the elastic constants in a single constant for
simplicity.
The axial strain in the GaAs core and outer shells and in the (In,Ga)As shell are
ϵGaAs =
ashared − aGaAs
aGaAs
(7.4)
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ϵ(In,Ga)As =
ashared − a(In,Ga)As
a(In,Ga)As
(7.5)
with the shared axial lattice constant ashared, and the lattice constant of the relaxed GaAs
and (In,Ga)As, aGaAs and a(In,Ga)As, respectively. By minimization of the total energy from
Equation 7.3 with respect to ashared we obtain
ashared =
a(In,Ga)AsaGaAs(EGaAsa(In,Ga)AsAGaAs + E(In,Ga)AsaGaAsA(In,Ga)As)
E(In,Ga)AsA(In,Ga)Asa2GaAs + EGaAsAGaAsa
2
(In,Ga)As
(7.6)
where EGaAs and E(In,Ga)As are calculated using the elastic constants for core and shell
in Equation 7.3, respectively, and AGaAs and A(In,Ga)As are the cross-sectional areas of
GaAs core and outer shell and the (In,Ga)As shell, respectively. For the case of small In
contents in the (In,Ga)As shell we assume that EGaAs = E(In,Ga)As. Using Equation 7.6, we
calculate the shared lattice parameter for the as grown NW and obtain ashared = 3.267 Å.
Here, we used a cylindrical model of the NW to calculate the areas from the respective
radii of core and shells. Also, we assumed the same lattice constant for GaAs and AlAs.
This theoretical value is in good agreement with the experimental value of aNW, as grown =
3.267 Å, confirming our simple model.
The green curve in Figure 7.4 shows ameasurement on the sample with deposited SiNx
cap. The main peak beside the substrate peak is broadened and shifted to slightly higher
angles, compared to the as-grown sample. The corresponding lattice parameter of the
NW is aNW, cap = 3.262 Å. This value is smaller than for the sample without SiNx cap,
indicating that the NW is compressively strained by ϵNW, cap = −0.16% with respect to
the as-grown state. The deposited SiNx is typically slightly tensily strained due to the
chosen deposition parameters, [242] thus resulting in the strain of the NW. This strain also
explains the shift in emission energy by deposition of the SiNx shell seen in Figure 7.2(c).
The yellow curve in Figure 7.4 shows the measurement on the sample after annealing
at 900 ◦C. Two broad peaks are detected at angles corresponding to lattice spacing of
aannealed, 1 = 3.266 Å and aannealed, 2 = 3.238 Å. The orange curve shows a measurement
of the annealed sample at a position on the substrate that is outside of the NW array.
Here, we can assume that the signal only corresponds to the parasitic layer on the sub-
strate surface. In addition to the substrate peak only one peak exists. The peak position
is in good agreement with the first peak of the measurement inside the NW array. There-
fore, we attribute the first peak to the parasitic layer of relaxed GaAs, In0.15Ga0.85As, and
AlAs. Typically we see separate peaks of the different polycrystalline layers. Thus, the
existence of a single peak from the parasitic layers indicates that also these layers inter-
mix strongly during the annealing forming a mixed alloy layer. The lower intensity of
the peak measured out of the NW array (orange curve) compared to the peak measured
inside the NW array (yellow curve) indicates that the polycrystalline parasitic layer has a
preferential crystal orientation inside the NW arrays. Possibly the parasitic layer adopts
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the crystalline orientation from the NWs. The second peak is attributed to the NW struc-
ture, yielding ϵ(In,Ga)As, annealed = −1.78% in the In0.15Ga0.85As shell, which differs from
the as-grown sample by ∆ϵ(In,Ga)As, annealed = −0.87% from the values shown in Table 7.1.
As discussed before, the SiNx material deposited by PECVD contains residual hydrogen,
with amounts depending on deposition conditions. After annealing the SiNx cap the
hydrogen content is lower and the lattice shrinks. This compressive stress is imposed
onto the NW structure, leading to compressive strain in the NW and another core-shell
structure of NW and cap is formed in which the strain is also partitioned.
The red curve in Figure 7.4 shows the measurement on the annealed sample after re-
moving the SiNx cap. Besides the substrate peak, only one broad peak is detected corre-
sponding to aSiN removed = 3.268 Å. This value is very similar to the value of the as-grown
sample, indicating that the strain induced by the SiNx cap is relieved after the SiNx is re-
moved. Furthermore, it shows that the re-distribution of the alloy during annealing does
not change the axial lattice constant. The large peak width might indicate that either
the axial strain is more inhomogeneous after annealing or the NWs exhibit more tilting,
which results in a broader peak in this XRD measurement. A stronger degree of tilting is
also suggested by the SEM images of that sample (cp. Figure 7.1).
The strain in the NW also affects the bandgap of the material and thereby shifts the
peak energy in luminescence. This shift is detected for the annealed sample in Figure 7.2,
where the emission energy decreases by 37 meV after removing the SiNx cap. This ef-
fect might also partially explain the strong blue-shift with annealing temperature. Fur-
thermore, the strain affects the FWHM of the luminescence peak, possibly indicating
inhomogeneous strain profiles in the NW, leading to broader emission. For uniaxially
strained GaAs NWs the reported changes in emission energy with strain are similar to
our results. [243] However, for a precise correlation of the impact of strain on the electronic
energy more complex band-stucture calculations are necessary, [244] the complete strain
profile of the core-shell NW needs to be taken into account, [135] and the temperature de-
pendence of the strain due to the difference in lattice expansion needs to be taken into
account, which is beyond the scope of this study.
7.4 Luminescence properties of the annealed core-shell sample
Figure 7.5(a) shows PL spectra taken at 10 K for varying excitation power on a NW
ensemble of the annealed sample (TAnneal =900 ◦C) after removing the SiNx cap. For
the lowest excitation power, the spectrum is centred at 1.41 eV. For increasing excita-
tion power, the peak shifts to higher energies and shows a smoother shape. No sharp
peaks are detected that have been observed for the as-grown sample in Figure 6.1. These
sharp emission features were assumed to originate from excitons localized at potential
fluctuations in the In0.15Ga0.85As shell. The absence of such features indicates that the
annealed sample exhibits less alloy clustering. Figure 7.5(b) shows the peak energy as a
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Figure 7.5: (a) PL spectra taken at 10 K on an ensemble of NWs of the annealed sample
(TAnneal = 900 ◦C) after removing the SiNx cap. The excitation power is given
next to the respective curve. (b) Peak energy from Gaussian fits of the spectra
taken on the annealed sample (green squares) and on the as-grown sample (red
circles, cf. Figure 6.1) as a function of excitation power. The dotted line indicates
the theoretical In0.15Ga0.85As transition energy from k ·p calculations. The dashed
lines are fits of Equation 7.7.
function of excitation power for the as-grown NW sample (red circles, cf. Figure 6.1) and
the annealed NW sample (green squares). For both samples, the peak energy increases
for increasing excitation power. This power-dependence of the peak energy makes the
comparison to the theoretical value from k ·p calculations difficult, which is shown as the
dotted line (calculation by Oliver Marquardt). The dashed lines are fits of the equation
Epeak = E1 + b log(Pexc./1μW) (7.7)
to the experimental data, where E1 is the energy at Pexc. = 1 μW and b is a fit parameter
corresponding to the increase per decade of excitation power. The corresponding values
of E1 and b obtained by the fits are given in Table 7.2.
E1(eV) b(meV/dec)
as-grown NWs 1.3475± 0.0012 10.7± 0.5
annealed NWs 1.4174± 0.0005 8.9± 0.5
Table 7.2: Values obtained by fitting Equation 7.7 to the experimental data in Figure 7.5.
The different values for E1 reflect again the blue-shift of emission due to the annealing
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Figure 7.6: (a) PL spectra taken at Pexc = 87 μW on a NW ensemble of the annealed sample.
The temperature was varied between 10 K and 300 K as indicated in the graph. (b)
Normalized integrated intensity of the peaks in (a) as a function of temperature.
The line is a fit of Equation 6.1 to the experimental data, yielding an activation
energy of 40 meV. (c) Central energy of the emission peak in (a) as a function
of temperature. The line is a fit of Equation 7.8 from the Pässler model to the
experimental data.
process. On the other hand, also the value for b differs slightly between the two val-
ues. Here, the annealed sample shows a smaller value, meaning a smaller increase of
emission energy with increasing excitation power. This increase indicates most probably
band-filling effects that happen when more carriers in a band exist than available states
at k = 0. Then, states at higher energy are filled leading to a higher emission energy
when the carriers finally recombine. This effect is particularly strong for semiconductors
with low effective mass of electrons and holes, where the density of states per unit en-
ergy is small. Therefore, similar effects have been shown particularly for Arsenides and
Antimonides. [245,246]
Figure 7.6(a) shows PL spectra taken on the annealed sample for temperatures from
10 K to 300 K with Pexc = 87 μW. The spectra at all temperatures show only a single
peak with increasing width for increasing temperature. Also, a pronounced tail at high
energies is detected. This tail might be related to emission from hot carriers[215]. Fig-
ure 7.6(b) shows the integrated intensity as a function of reciprocal temperature. It is
roughly constant below 100 K and decreases rapidly for higher temperatures, yielding a
room-temperature intensity of 1% of the low temperature value. This value is comparable
to the as-grown sample with GaAs/AlAs shell (cf. Figure 6.2). To compare the quenching
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α (meV/K ) Θ (K) p E(0 K) (eV)
This study 0.36± 0.11 256± 17 2.7± 0.2 1.4390± 0.0004
GaAs bulk [247] 0.473 225.6 2.513
In0.1Ga0.9As QW [249] 0.415 219.1 2.36
In0.53Ga0.47As MQW [250] 0.320± 0.003 199± 4 3.1± 0.1
Table 7.3: Values obtained by fitting Equation 7.8 from the Pässler model to the experimental
data in Figure 7.6 compared to values reported in previous studies.
in more detail we fitted Equation 6.1 to the experimental data. Here, one activation chan-
nel was sufficient, yielding an activation energy Ea = 40± 3 meV, which agrees well with
E2 = 37 meV, discussed in chapter 6. These results show, that the localization of excitons
at low temperatures is not significant in this sample and the thermal quenching of the PL
intensity is only determined by a single recombination channel with the same activation
energy as in the as-grown state, which we attributed to a recombination center specific to
In0.15Ga0.85As grown under the specific growth conditions. However, the precise nature
of this recombination channel is still unclear.
Figure 7.6(c) shows the peak energy obtained from Gaussian fits to the spectra as
a function of temperature. The band gap energy decreases due to enhanced electron-
phonon interaction. This phenomenon is described in good approximation by the model
of Pässler [247,248]. Its central equation for the band gap energy as a function of tempera-
ture is
Eg(T) = E(0)− αΘ2
 p√1+(2T
Θ
)p
− 1
 (7.8)
where E(0) is the band gap at 0 K, α a material specific parameter, p is an empirical
parameter related to the electron-phonon spectral function, and Θ is a characteristic tem-
perature representing the effective phonon energy in the system. As the Pässler model
does not take into account localization effects at low temperatures we fit Equation 7.8
to the experimental data for temperatures from 50 K to 300 K, where localization effects
should be negligible. We obtain the curve (extended to the entire temperature range)
shown in Figure 7.6(c) with the fit parameters given in the first row of Table 7.3.
The band gap energy at 10 K taken from the fit curve is E(10 K) = 1.4390 eV± 0.4 meV,
yielding a difference to the experimental value of ∆E = 1.4 ± 0.4 meV. This quantity
is typically interpreted as the localization energy in disordered semiconductors. [251] The
obtained value shows that the localization depth is small compared to the value of 6 meV
obtained by the analysis in chapter 6, proving the higher homogeneity of the annealed
sample. Furthermore, in Table 7.3 all obtained fit factors are compared to literature val-
ues for bulk GaAs [247], a (100) In0.1Ga0.9As QW, [249] and a (100) In0.53Ga0.47As MQW [250].
These factors are expected to be specific for a certain material. From the literature values
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it seems that α decreases gradually with increasing In content in the material, agreeing
with our value for 15% In. Also the value for p is similar to the literature values. How-
ever, the obtained value for Θ is significantly larger than the literature values, indicating
an increased phonon energy. Also here, more work needs to be done to understand these
differences in detail.
7.5 Conclusion
We have presented for the first time a process that enables the ex-situ annealing of NWs
at temperatures of up to 900 ◦C. A SiNx cap is used to protect the NW material from
decomposition during the RTA treatment. After annealing at 900 ◦C and removing the
SiNx cap by wet etching, the NW morphology shows only small changes compared to
the as-grown state. In contrast, the luminescence signal is shifted to higher energies and
the FWHM decreases from 40 meV to 14 meV, indicating a strong homogenization of the
In distribution in the (In,Ga)As shell during the annealing. Furthermore, we showed that
the SiNx cap improves light-coupling to the NW. Due to the shrinking of the SiNx cap,
compressive strain is imposed onto the NW, which is relieved again after removing the
SiNx cap.
In a detailed investigation of the annealed samplewe showed that fewer indications for
localization of carriers at low temperatures exist compared to the as-grown samples: No
sharp lines are detected in the low-temperature PL spectra, no thermal quenching related
to shallow localizations is detected, and the localization energy obtained from a fit to the
peak energy variation is only 1.4 meV. Therefore, we suppose that the annealing process
effectively homogenizes the In distribution in the (In,Ga)As material, removing the clus-
ters discussed in chapter 6. However, the detailed structure of the annealed sample is
unknown and further experiments by APT or TEM are required. Such an understanding,
however, might give valuable insight into the migration of atoms inside radial structures
such as NWs. Furthermore, we showed that the annealed samples show an increase in
emission energywith increasing excitation energy that is similar to the as-grown samples.
Our results suggest that the effect is related to band filling effects observed in semicon-
ductors with low effective electron mass. Finally, we showed that the thermal quenching
of the PL intensity of the annealed sample shows the same activation energy as the as-
grown sample, indicating an inherent defect activation. These defects might be native
defects in the In0.15Ga0.85As shell that may form at the low growth temperature and high
V/III ratio used for shell growth and remain in the In0.15Ga0.85As shell during annealing.
88
8 Conclusions and outlook
In this thesis, the controlled growth of ordered arrays of GaAs NWs in combination with
In0.15Ga0.85As shell QWs was investigated with a focus on their luminescence properties.
In this chapter, the main conclusions are briefly summarized and open questions are
discussed that might be answered by future studies. Furthermore, as an outlook, two
concrete projects are briefly described which are enabled by the results presented in this
work.
8.1 Conclusions
In the first two chapters we focused on the realization of regular arrays of GaAs NWs
that are suitable for the growth of core-shell structures as the basis for complex device
structures. Here, we used Si substrates with oxide masks patterned by EBL, achieving
hole sizes of about 40 nm that are small enough to avoid unintended leakage currents
from the shell to the substrate in future core-shell devices. Establishing the growth of
NW arrays with high vertical yield (i.e. high ratio of vertically oriented NWs to holes)
was a challenging goal at the beginning of this work as it sensitively depends on both,
the processing and growth conditions. Here, we found that the surface preparation is
crucial. Boiling the wafer in ultrapure water for 10 min leads to a dramatic increase
of the vertical yield of GaAs NWs, indicating that the microscopic roughness of the Si
substrate plays an important role during the initial nucleation of the NW. This result
might help to understand the nucleation of NWs under the liquid droplet and lead to
more reproducible growth results across different research groups.
On this basis, we developed a new two-step growth approach, which enables the nu-
cleation of GaAs NWs at low V/III ratio, the required condition for high vertical yield,
and the elongation at higher V/III ratios. With this growth approach we have realized
untapered NWs with both, a diameter as thin as 45 nm and a length of 2.5 µm at high
vertical yield, which had not been shown before for SAG in the Ga-assisted mode by
MBE. This result enables the realization of core-shell structures with homogeneous strain
profiles and an advantageous strain partitioning. We showed that the diameter evolution
of GaAs NWs during growth not only depends on the changing size of the Ga droplet,
but also on the direct VS growth on the NW sidewall. In this context, we have derived a
model that explains the radial VS growth consistently with the understanding of the ax-
ial NW growth based on diffusion processes on the NW sidewall. The combined model
now enables the description of the temporal evolution of the entire shape of GaAs NWs
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and its prediction over a large parameter space. This which will be necessary to realize
core-shell structures with precise length and diameter for complex device structures. As
the model is only based on fundamental physical principles, we expect that these results
are not restricted to the growth of GaAs NWs by MBE but should also apply to other
materials and growth techniques.
Based on this understanding of the growth processes, we decoded the role of the sur-
face diffusion length of dopant atoms for the doping of VLS grown NWs. We argued that
the surface diffusion length of dopant atoms impinging on the NW sidewall determines
the incorporation path into the NW. Using our comprehensive model we showed that in
the case of negligible surface diffusion of dopants, most dopants will incorporate into the
VS grown part and form an almost ideal delta-doped interface layer to the VLS grown
part. Assuming that dopant profiles of such doped GaAs NWs became available, a com-
parison with our predictions will enable insight into dopant surface diffusion processes
that are not accessible so far. Furthermore, it might also help to explain the dependence
of obtained dopant profiles on the growth conditions used in different studies and lead
to optimized doping schemes for the realization of devices.
In the following chapters of this work, we used arrays of GaAs NWs as optimum tem-
plates for the investigation of the growth and luminescence properties of In0.15Ga0.85As
shell QWs. These shells can be grown conformally around GaAs NWs at relatively low
substrate temperatures and high V/III flux ratios. Here, the precise separation between
the NWs, achieved by SAG, leads to very symmetric cross-sectional structures. The nec-
essary growth conditions for conformal shell growth also lead to good luminescence
properties as the NW sidefacets require similar growth conditions due to their non-polar
{11¯0} surfaces. However, the growth of NW shells in MBE is inherently different com-
pared to the growth of planar layers. The three-dimensional structure of the NW, the
directionality of the material fluxes in MBE, and the substrate rotation lead to an inher-
ent flux sequence on theNW sidewalls. Depending on the relative location of thematerial
cells, different flux sequences arise, leading to dramatically different material properties.
Only for shells grown with cell combinations where the group III and As fluxes are de-
posited separately, high luminescence intensities could be achieved. The corresponding
flux sequence resembles the flux sequences used in migration enhanced epitaxy (MEE),
indicating that similarly beneficial effects exist also in the growth of NW shells. How-
ever, the impact of the different flux sequences is much stronger for NW shells compared
to planar growth which we ascribe to the impact of the {112¯} edges of the NW where
defects might form under certain conditions. The impact of such inherent flux sequences
should also apply for shell growth of different materials, but the implications might be
different. One can imagine that not only the surface diffusion is affected but also the
desorption of atoms and transient surface energies during the sequence. However, we
emphasize that the flux sequence is inherent to the growth system and its optimization is
limited. Potential improvements might be the design of controlled shutter sequences for
the shell growth and the use of dual cells for deposition of alloy constituents like In and
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Ga from the exact same direction.
Finally, we focused on two luminescence features of the core-shell samples. First, at
elevated temperatures, the luminescence intensity is quenched dramatically. We demon-
strated that thermionic emission of charge carriers from the shell QW to the outer GaAs
shell takes place, leading to rapid nonradiative recombination at the NW surface. This
channel for nonradiative recombination can be suppressed by adding an AlAs barrier
shell. Using a model based on our understanding of the carrier localization we could
show that the interface of the shell QW to the outer shells crucially affects the nonra-
diative recombination at low temperatures. As the growth temperature needed for the
growth of homogeneous shells is rather low for growth of AlAs, its interface to the QW
exhibits defects. The introduction of a GaAs spacer shell between the shell QW and the
AlAs barrier shell effectively reduces this effect. Based on the understanding of the chan-
nels for nonradiative recombination at different temperatures we could design a structure
with a GaAs spacer shell of sufficient thickness that offers high luminescence intensities
both at low temperatures and at room temperature.
Second, even after optimizing the growth parameters, the luminescence of the
In0.15Ga0.85As shell QWs still exhibits broad peaks due to alloy clustering inherent to
the growth processes. These clusters also lead to localization of charge carriers at low
temperatures. The nature of these clusters is unclear and further investigation by TEM
or APT might help to locate them similar to what has been done for clusters in (Al,Ga)As
shells. For the homogenization of the alloy, we developed a process that enables for the
first time the ex-situ annealing of III-V NWs at temperatures up to 900 ◦C. Here, a SiNx
cap layer deposited around the NW core-shell structure can succesfully protect the NW
structure from decomposition. Using this process, the FWHM of the emission peak cor-
responding to the shell QW decreased from above 40 meV to 14 meV. In this process, the
In0.15Ga0.85As alloy is strongly homogenized and the alloy clusters are removedwhich re-
sults in a blue-shift of the emission energy. Experimental alloy profiles obtained by APT
could elucidate the migration of atoms in the radial NW structure. The annealing process
now enables the realization of core-shell structures of highest qualities and is suitable for
nanostructures consisting of many other materials.
Nonetheless, two open questions remain that affect the luminescence properties of
such core-shell NWs. First, the annealed sample exhibited a similar thermal quench-
ing behaviour of the luminescence intensity compared to the as-grown samples, yielding
an activation energy of 40 meV. We attribute this defect tentatively to a defect characteris-
tic for In0.15Ga0.85As grown under the specific growth conditions (low temperature, high
V/III ratio). However, the nature of this recombination channel is unknown and more
work is necessary to explore ways to remove the origin of this dominating channel for
nonradiative recombination. Second, the lower parts of the annealed NWs show very
weak emission, similar to the as-grown samples. The origin of this effect is not clear yet
but we suspect that it correlates with the high density of stacking faults and twin planes
at the bottom of the NWs. These planar defects may not be detrimental by themselves
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but may lead to the formation of defects when growing shells vertical to them. A de-
tailed investigation of this correlation and the microscopic nature of the interface in the
defective areas might help to improve the growth of shells on sidewall surfaces normal
to planar defects.
8.2 Outlook
This thesis presents the necessary understanding and experimental steps to grow specif-
ically designed arrays of GaAs/(In,Ga)As core-shell quantum well structures with opti-
mized structure for high luminescence intensity and narrow emission linewidths. Based
on the growth on the versatile oxide mask these results enabled two concrete projects that
are already in progress.
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Figure 8.1: Correlated measurements performed on one and the same single free-standing
NW: (a) reciprocal space map at the (111) Bragg peak measured by nanofocus
synchrotron X-ray diffraction. Measurement performed by Ali Al Hassan (Uni-
versität Siegen). (b) Micro-PL spectra taken at different temperatures. (c) CL
linescan taken at 10 K. Measurement performed by Jonas Lähnemann.
First, the discussed structures may be the basis for a more detailed analysis of the inter-
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action of radial QWs with external fields and explore the correlation of structural prop-
erties, i.e. the strain distribution in the NW, with the electronic properties, i.e. mainly the
emission energy, exploring the existence of shear strains [135] inducing piezoelectric po-
larization fields and the effect of spontaneous polarization in wurtzite sections. [143,252,253]
Figure 8.1 shows correlated measurements recently acquired by different techniques on
one and the same free-standing NW. The versatile mask that was used for the samples
discussed in this thesis contains a line of single holes for NW growth, with a separation
of 10 µm between them. These fields enable the efficient measurement of single NWs on
the substrate by various complementary methods (The sample has a core-shell structure
with 10 nm In0.15Ga0.85As shell and 30 nm outer GaAs shell): Figure 8.1(a) shows a re-
ciprocal space map (RSM) at the (111) Bragg peak measured by nanofocus synchrotron
X-ray diffraction. Reflection from zincblende and wurtzite phase are observed. The syn-
chrotron beam has a size of 1.8 µm x 0.6 µm assuring that only the desired NW is mea-
sured. As the NWs were measured standing on the substrate, further measurements at
the (22¯0) reflection at different heights of the NW have also been measured in the in-
plane direction. However, the analysis is not finished and here we want to limit the
discussion to the possibilities these correlative measurements may present. Figure 8.1(b)
shows PL spectra taken at two different temperatures of the same NW. By using a high-
magnification microscope objective we assure that only the NW of interest is measured.
Figure 8.1(c) shows a CL line-scan taken at low temperature of the same NW. As the NW
was measured standing on the substrate the CL measurement needs to be performed un-
der a tilting angle, leading to an apparently compressed NW length. These results now
give complementary information about the crystal structure and the electronic structure
of single NWs and from the (22¯0)measurements further information about the structure
of the shells may be obtained.
Second, the growth on Si substrates covered with a freely designable oxide mask now
enables the realization of more complex device structures based on specific NW arrays.
Figure 8.2(a) shows the schematic diagram of a device structure that was proposed re-
cently by researchers at Paul-Drude-Institut. [21] An array of NWs is positioned on sub-
strates that contain Si waveguides. This combination acts as a grating coupler to couple
light between the waveguide and the NW but also its sorrounding in an efficient way and
lead the way to the realization of lasing structures. Using core-shell NWs that generate
light or act as photodetectors, a complete optical interconnect system on Si could be real-
ized based on this structure. Figure 8.2(b) shows the calculated outcoupling efficiency as
a function of the separation between the NWs (period) and the height of the NWs. The
calculations show that the light-coupling depends sensitively on the NW height. For an
efficient device, NWs with precisely defined length and diameter (not shown here) need
to be synthesized. Our understanding of the diameter evolution of GaAs NWs enables
the determination of growth parameters that lead to untapered NWs of specific length.
Thereby, it offers the precision that is necessary for the realization of such complex device
structures in the future. Furthermore, our understanding of the doping pathways may
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Figure 8.2: (a) Schematic diagram of a proposed device structure that combines NW arrays
with silicon waveguides. (b) Calculated light-outcoupling efficiency of the NW
array that is fed by incoming light from the waveguide as a function of period λ
and NW height hNW. Figures used with permission from Giuntoni et al. [21]
lead to optimized doping schemes for the realization of the electrical pumping of such
devices.
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